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Metal organic frameworks (MOFs) have captured immense attention in the last decade, owing to their
better adsorption properties as compared to those of organic as well as inorganic materials, like
enormous surface area, highly porous nature, tunable pore size, and high stability. Herein, the regular

advancements in MOFs of metals of the first transition series, their morphology, properties, synthesis
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methods, and numerous applications like gas storage, separation, ion-exchange and catalysis have been
discussed. The doping of MOFs and their composites has been classified and discussed, in addition to
fabrication of MOFs with various types of organic linkers. MOFs have been discussed for their sustainable

and convenient use in future. Various characterization techniques confirmed the rigid, porous and fine

rsc.li/materials-advances structure of MOFs.

Introduction

Metal organic frameworks (MOFs) are an evolving class of
porous materials fabricated from metal clusters or ions and
organic linkers in three-dimensional space.'™ MOFs are attractive
materials for both researchers and engineers, owing to their
tunable structures and functionality as well as their ever-increasing
applications.” M. Yaghi is known as the father of MOFs as he
fabricated advanced MOFs, zeolitic imidazolate frameworks (ZIFs)
and covalent organic frameworks (COFs). Various techniques such
as in situ synthesis, encapsulation, impregnation, gas phase infil-
tration, co-precipitation etc. are employed for the fabrication of
MOFs.>” In recent years, synthesis of many nanostructured and
nano-sized MOFs has been carried out.>” The transformation in
the structure of MOFs is contingent on conditions like pH,
molar ratio, solvents and temperature.® MOFs have flexibility®
and a diverse range of applications'® including electrochemical
applications," gas storage,'>" separation,'* catalytic activity,">'®
heterogeneous catalysis,"”'® heavy metal removal,"® drug
delivery,”**" membrane desalination,*” water treatment,”* electrode
materials for supercapacitance,>*** ultrasonics,*® luminescence,>”*®
energy storage,® photocatalysis,*®*' adsorption,** sensing,*
enzyme immobilization,** bio-medicine,* solid phase extraction/
analytical applications,*® dye/toxic materials removal,>”°
coordination chemistry,*® optics*' and optoelectronics which
are attracting researchers. There have been reports of more
than 20 000 MOFs which are different from each other depending
on their design, method of synthesis, structure, pore size, etc.
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The shape, size and nature of pores in MOFs can be easily altered
and this leads to rare chemical adaptability. Most of the reported
MOFs have been fabricated from divalent or trivalent 3p metal
ions, 3d transition metals and lanthanides whereas the fabrication
of MOFs from high-valent metal ions is still a big challenge.
Furukawa et al.** fabricated MOFs having a covalent bond between
metal ions acting as nodes and organic ligands taken as spokes
which combine to form open framework structures. The signifi-
cant advances were also discussed, for constructing higher order
mesoscopic superstructures that are composed of nanocrystals.
These structures are divided into four categories: zero dimensional
structures comprising hollow capsules, uni-dimensional structures
like nanorods, bi-dimensional structures classified as thin films,
membranes or patterns and three-dimensional structures made
up of continuous and enlarged systems.**

Herein, the synthesis, structure and applications of MOFs
based on first transition series elements have been discussed.
Commonly used organic linkers in the frameworks are fumaric
acid, oxalic acid, terephthalic acid, benzene-dicarboxylate, adipic
acid, etc. In addition to organic linkers, some ionic liquids are
also used for the fabrication of MOF composites. The commonly
used ionic liquids for fabrication of composites are N-alkyl-
methyl-imidazolium, N-alkyl-pyridinium, tetraalkyl-ammonium,
tetraalkyl-phosphonium, etc. The reactions of most of the metal
ions with numerous organic linkers are feasible and given in
Fig. 1 and 2.

Here, we are considering metals of first transition series
for fabrication of MOFs. These elements have a partially filled
d-subshell or can result in cations with an incomplete subshell
with general electronic configuration (n — 1)d""°ns°>. Later in
this paper, MOFs of Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu and Zn have
been discussed. The discussion includes the capability of MOFs

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Organic linkers containing (a) carboxylic functionality and (b)
phosphorus, nitrogen and sulphur used for the preparation of MOFs.

for the environmental systems that may include sterilization,
gas storage and separation, and gas fuel stockpiling. Thus,
MOFs show their advantageous role in energy generation and
storage. In this way, MOFs are leading to an ecologically
sustainable and convenient future.***

Synthetic approaches for metal organic
frameworks

Due to their certain functional and structural properties, MOFs
have been presently perceived as an extensive collection of
porous compounds. These frameworks are formed by connect-
ing organic linkers and metal ion clusters/metal ions. Beyond
question, another perception remarkably associated with MOFs
conclusive design and properties is the chosen essential
structural blocks known as secondary building units (SBUs)."*®
However, various other synthetic approaches and variables like
pressure, temperature, pH, time of reaction and solvent should
also be scrutinized. Various distinctive synthetic routes viz.
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View Article Online

Materials Advances

H,TCPP(H;) ~ COOH

H,DBP(H,)  COOH
>
(b)
Y,
o OH HO
DHBQ
NH,

HaoN NH,
HaoN NH,
NH,

HAB

SH
SH
N CO
S
SH
SH

HTTP

Fig. 2 Organic linkers with (a) conductive linkers and (b) porphyrin-based
linkers used for the preparation of MOFs.

hydrothermal/solvothermal, diffusion, electrochemical, mechano-
chemical, microwave assisted heating and ultrasound can be used
to construct MOFs trusting on the subsequent structures and
features.*”*

Hydrothermal/solvothermal method

The solvothermal technique is the most utilized strategy for the
preparation of MOFs as it gives an assortment of morphologies.
In this strategy, the reaction materializes between the metal salt
and organic ligand in organic solvents or dissolvable mixtures.
Hydrothermal reactions are accomplished at temperatures
higher than the boiling point of solvent. It may be inferred
that speedy reaction kinetics of hydrothermal reaction allows
the construction of even MOF particles with higher crystallinity,

Mater. Adv, 2021, 2, 7308-7335 | 7309
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and promptly acquires single crystals. Notwithstanding the
advantageous features, this method unquestionably has a few
constraints like necessity of solvent antecedents, creation of a lot
of solvent waste and possibly harmful treatment of destructive
metal salts within the sight of organic liquids.*’

Slow diffusion method

The diffusion technique brings different species into interaction,
step by step: (i) the first strategy is solvent liquid diffusion. In this
method, two layers with different densities, the precipitant solvent
constituting one layer and the other layer containing the product
in a solvent, are formed. At the boundary, formation of crystals
takes place by slow diffusion of the precipitant solvent into the
other layer; (ii) the second strategy involves the step by step
diffusion of reactants by overcoming the physical obstructions.
The vital benefit of this technique is that single crystals suitable for
XRD analysis can be easily obtained. The more time consuming
nature of this method than other notable strategies is its major
limitation.>

Electrochemical method

In this method, metal ions are released by anodic dissolution
into a reaction comprising organic linkers and electrolytes. The
electrochemical method is applied for the synthesis of MOF
powders on an industrial scale. Some of the advantages of this
technique comprise the evading of anions like nitrates from
metal salts, low temperature of reaction and tremendously
rapid synthesis in comparison to solvothermal synthesis. A
contradiction in thermal growth coefficients amongst the distinctive
support structure and the MOF prompts this breaking. In this
regard, MOFs display a negative thermal expansion coefficient.
Therefore, contrasted with the solvothermal method, electro-
chemical techniques provide more variables for fine tuning by
straightforward modification of the voltage.”*

Mechanochemical method

Mechanochemical strategy involves the execution of chemical
reaction with the assistance of mechanical power. In this
method, chemical reactions and numerous physical phenomena
could be carried out by mechanical force. In this method,
mechanical cracking of intramolecular bonds is carried out and
is followed by chemical synthesis. The main advantage of this
method is that the reaction is performed at ambient temperature
in the absence of harmful organic solvents. Another significant
feature of this method is use of metal salts instead of metal
oxides. However, this method has the disadvantage of undesir-
able product amorphization caused by neat milling.>”

Microwave method

Microwave assisted synthesis is a rapid technique for fabrication
of MOFs. On irradiation of the reaction mixture with microwaves
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for an hour or more, nanosized crystals are formed. The micro-
wave assisted method is an indispensable strategy to perform
synthesis at a rapid pace. The advantages of this method include
great efficacy, fast reaction kinetics, phase selectivity, uniform
particle morphology, particle size reduction, etc.>® However, this
method usually can’t yield crystals with adequate size for single
X-ray analysis.>*

Sonochemical method

In sonochemical synthesis, reaction mixture is exposed to
ultrasound waves (20 kHz-10 MHz) and the molecules experi-
ence chemical change to yield compounds with innovative
morphologies, crystal sizes and distinct properties. Ultrasonic
radiation can create high temperatures and pressing factors in the
reaction medium. The economical, usually fast, reproducible and
environment friendly nature are the main advantages of this
method.” Just like microwave method, this method typically can’t
produce crystals with satisfactory size for single X-ray analysis.

Scandium-based metal organic
frameworks

Scandium is the first member of first transition series and has
silver white appearance. It may also appear yellow or pink due
to different oxidation states of scandium. There is an emerging
enthusiasm for utilization of Sc(ur) centers for the fabrication of
porous frameworks, since it is a moderately light metal which
offers high porosity with large specific surface area, high hydro-
Iytic and thermal stability of coordination framework with diverse
functional properties and forms stable carboxylate complexes.
Despite undeniable advantages and prospects, the science of
scandium complexes and, specifically, scandium organic frame-
works (SOFs) has inadequately evolved. An impressive limiting
component is that scandium is a trace element and, corres-
pondingly, scandium compounds are generally costly.>® Barsukova
et al. reported solvothermal synthesis of three new coordination
polymers based on scandium ions and 2,5-furandicarboxylate
(fde>") ligand ie ((CHj),NH,)[Sc(H,0),(fdc),]-1,5CH;CN (1),
((CH3),NHS,),[Sc(fdc),(HCOO)] (2), and [Scy(H,0),(fdc)s] (3). It
has been established that these MOFs retain their structure in
aqueous media over an extensive pH range of 1-13. Further-
more, compounds 2 and 3 have also shown ligand-centered
luminescence.”” In another study, properties of Sc- and Ti-based
MOFs, (C¢Hj3),(B,C4H,)3Ms (M = Sc, Ti), for storage of H, were
examined by density functional theory (DFT). It was revealed
that each doped Sc atom is capable of adsorbing four H,
molecules, with average adsorption energy ranging from 0.21
to 0.34 eV.>®

Similarly, 3D porous bi-metallic frameworks of scandium
metal ions along with lithium or sodium metal ions, coordinated
to pyrimidine dicarboxylate were synthesized to investigate its
capability to arrest CO, at room temperature. A heat assisted
solvent-free process was established to be most effective,
yielding materials with nearly the same adsorption capacities

© 2021 The Author(s). Published by the Royal Society of Chemistry
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as anticipated from Grand Canonical Monte Carlo (GCMC)
calculations. The synthesized materials possessed high specific
surface area, and systematic distribution of alkaline ions in the
crystal structure. The ionic conductivity was also enhanced
(100" S em™) by partial substitution of scandium ions
with Li* and Na" ions.*® Pillai et al. synthesized and explored
a series of functionalized scandium terephthalate MOFs for
selective CO, adsorption. The computational studies revealed
that Sc,(BDC-NO,); MOFs exhibited exceptional adsorption for
CO, over N, and CHy, beating the vast majority of MOFs as well
as other reported porous materials.

The sample exhibited very good water stability and can be
easily regenerated at room temperature under vacuum.®® Khan
et al. introduced scandium-triflate (Sc(OTf);) MOFs and carried
out adsorptive desulfurization and denitrogenation of fuels. In
comparison to sole MOFs, Sc(OTf); MOFs exhibited much
better adsorption for benzothiophene (BT) from liquid fuel.
Basic quinolone (QUI) was also adsorbed preferentially on
acidic Sc(OTf); MOFs (Fig. 3). The improved adsorption might
be attributed to interactions between acidic Sc(OTf); and basic
adsorbates. The efficiency of the adsorbent was enhanced by
solvent washing and thermal treatment.®*

Graham et al. fabricated a scandium terephthalate MOF
(Sc,(BDC);, BDC = 1,4-benzenedicarboxylate) and its derivative
(Sca(NO,-BDC)3). The as-synthesized MOFs were employed for
methanol uptake at high pressure. Diffraction experiments
revealed that molecules of methanol occupied two sites, and
one site was preferentially occupied in comparison to the other.
The likely orientation of methanol molecules was controlled by
H-bonding.®> Furthermore, Cabello and co-workers utilized
variable-temperature infrared (VIIR) spectroscopy to report inter-
actions between carbon dioxide and coordinatively unsaturated
MIL-100(Sc) MOFs. The AH® value was found to be —48 kJ mol "
which is the highest reported for adsorption of CO, on MOFs
comprising open metal sites. The corresponding AS° value was
found to be —178 ] mol ! K ' which displayed a positive
correlation between AH° and AS°.*® Similarly, Mitchell et al.
also reported porous MOFs with scandium and different linkers.
The synthesized MOFs were used as catalysts in numerous
reactions catalyzed by Lewis acid catalysts which are very

Fig. 3 Desulfurization and denitrogenation with scandium triflate MOF
[reprinted with permission from ref. 61, Copyright © American Chemical
Society, 2015].

© 2021 The Author(s). Published by the Royal Society of Chemistry
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significant in organic synthesis but have not been studied using
MOF catalysts.** Arean et al. reported the thermodynamics of
hydrogen interaction with MIL-100(Sc) MOF with VTIR spectro-
scopy. The corresponding values of AH° and AS° were observed to
be —11.2 (1) k] mol~ " and —120 (+10) J mol ' K™, respectively,
in the temperature range of 80-125 K. The enthalpy for adsorption
of hydrogen was observed to be the highest on the MOFs
reported so far.®®

Titanium-based metal organic
frameworks

Titanium is viewed as a most interesting contender for the
development of MOFs with high chemical stability and structural
diversity. Titanium is a tetravalent element in ionic form and is
placed just above zirconium in the periodic table. The ionic
radius of Ti** is smaller than Zr** and hence, Ti** shows stronger
affinity for oxygen. Furthermore, the most attractive character-
istic of titanium is its outstanding multifunctionality, typical
redox activity, photochemical property and biocompatibility.
Titanium-based MOFs exhibit comparatively higher stability in
water. Still, the framework of titanium slowly breaks down in
water within days which is attributed to the attack of OH™ on
O-Ti-O bond. An et al. enhanced the stability of titanium-based
MOFs in water without affecting its other properties by employing
Ti-ATA (ATA = 2-aminoterephthallate ion), a titanium-based
MOF.®® Zhu et al described titanium-based MOFs as a smart
subclass of MOF family due to their encouraging stability,
properties and inimitable structural features.®” Similarly, Zhang
et al. synthesized Ti-based MOFs, MIL-125 and NH,-MIL-125
solvothermally. As concentration of Ti was increased, particle
size of MIL-125 decreased (Fig. 4). The catalytic properties of
MOFs were investigated using H,0, as an oxidant. In the

Spm

Spm Spm

Fig. 4 SEM images of MIL-125-L (A), NH>-MIL-125 (B), MIL-125-M (C),
and MIL-125-S (D) [reprinted with permission from ref. 68, Copyright ©
Elsevier, 2018].
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presence of methanol, both the NH,-MIL-125 and MIL-125 were
highly stable, and maintained the framework structure on being
recycled five times.®® Janek et al synthesized tetranuclear
titanium(iv) oxo-complex with 4-aminobenzoate ligands. The
DFT studies were employed to confirm the formation of
[Ti40,(0iBu),¢(ABZ),] and [TigOs(OiBu)s(ABZ)s] composites. The
photodegradation of methylene blue (MB) dye in UV light was
investigated in the presence of Ti-MOF-complex in a polystyrene
matrix.*’

A facile and scalable approach was used to fabricate porous
anatase TiO, and Li TisO;, nano-tablets consisting of nano-
particles, grown from a Ti-MOF template. Both the nano-tablets
exhibited outstanding electrochemical properties, and were
employed as anode materials for lithium-ion batteries. TiO,
and Li,TisO;, delivered capacity up to 228 mA h g’1 and
158 mA h g7', respectively, at 0.1 A g '. The outstanding
electrochemical properties were attributed to the typical porous
structure which augments active sites to lodge lithium ions and
enhance ionic diffusion.”® Lian et al. constructed a distinct
core-shell titanium-based MOF (Fe;0,@Cys@MIL125-NH,)
and applied it as a magnetic adsorbent for fluoroquinolones
from aqueous samples. The developed magnetic solid phase
extraction (MSPE) method showed large linear concentration
range and low LOD (0.05-0.2 pg L~').”" In another work,
Ti-based MOFs were synthesized by addition of tetraethyl
orthosilicate. The size of synthesized Ti-based MOFs was less
by 42.78% as compared to that with traditional methods.
Ibuprofen (IBU) was used to investigate the controlled release
property of MOFs. Approximately 95% of IBU was released from
MOFs after exposure to a phosphate buffered saline system
for 24 h.””> In another study, titanium-based MOF, MIL-125
was sulfated to increase its acidic property. The catalytic
performance of raw and sulfated MIL-125 was investigated in
esterification of acetic acid. It was observed that approximately
88.2% of acetic acid was converted to ester in 7 h.”* Wang and
co-workers synthesized titanium(iv) ion-modified COFs with
outstanding performance for detection and identification of
trace phospho-peptides in the complex biological samples of
milk and HeLa cells.” It was revealed in another investigation
that Ti-oxo clusters are highly selective and efficient towards
photocatalysis, CO, reduction and pollutant degradation due to
their high optical response and photo-redox properties.”> In
order to enhance the photocatalytic and degradation results,
titanium-carboxylate molecular clusters and functional group
tolerances of clusters were investigated by adding organic
functionalities. During CO, cycloaddition reaction, 80% of
polypropylene oxide gets converted into cyclic carbonates. The
degradation studies were performed on methylene blue (MB)
dye and complete degradation was achieved in 4 h.”® George
et al. reported microwave synthesis of titanium-based MOFs
(Ti-BDC). The MOFs were observed to be photo-catalytically
active (band gap energy = 3.14 eV), and effectively degraded
96.77% of MB dye in 6 h.”” Furthermore, a hydrothermal
method was used to fabricate titanium-based MOFs (porous
NH,-MIL-125) having high surface area (1540 m> g~ ). This MOF
was successfully employed as a prospective photosensitizer and

7312 | Mater. Adv, 2021, 2, 7308-7335
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Fig. 5 Functioning of NH,-MIL-125 (MOF) [reprinted with permission
from ref. 78, copyright © Elsevier, 20171].

pH-responsive nano-carrier for cancer therapy, bio-imaging,
drug delivery and ROS therapy (Fig. 5). Excellent results were
reported during examination of breast cancer (MCF-7) cell line.”®
Fe;0,@Si0,@MOF/TiO, nano-composite was prepared and
utilized as an adsorbent for MSPE of tri-azole fungicides in
water. The limit of detection was observed to be 0.19-1.20 ng L ™"
for the selected fungicides. This method was employed to estimate
the concentration of fungicides in real life water samples.”” Water
splitting reaction and CO, reduction was attained with Ti doped
MOFs, followed by conversion of light energy into chemical
energy.* Guo and co-workers reported amine-functionalized
MOFs (NH,-MIL-125-Ti) which were used to prepare polysulfone-
based mixed matrix membranes. The amalgamation of NH,-
MIL-125-Ti in the membrane enhances CO, permeability in
comparison to that of the pure polymer membrane.®*

Vanadium based metal organic
frameworks

The research on MOFs of vanadium is very uncommon. The
clusters and complexes are formed mainly with vanadium nodes.
The catalytic activity of VO, doped MIL-101(Cr) was studied in gas
phase ethanol oxidative dehydrogenation and it was observed that
this MOF catalyst displayed excellent selectivity towards acetalde-
hyde (up to 99%) below 200 °C.**> Wang and co-workers carried out
the synthesis of V/UiO-66-NH, and investigated its catalytic activity
for hydroxylation of benzene to phenol using O,. A yield of 22.0%
of phenol with high selectivity (98.1%) was obtained using the
fabricated MOFs in comparison to only 5.2% yield with sole UiO-
66-NH,.** In another work, one pot in situ synthesis of LizV,(POy)s/
phosphorus-doped carbon (LVP/P-C) nanocomposites was carried
out using hybrid vanadium MOF precursor. The nanocomposites
exhibited a discharge capacity of 65 mA h g~ at 10 °C, and 90% of
the capacity was retained after 1100 cycles.®*

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Timofeev et al. reported isostructural metal-carboxylates
MIL-100(M) and MIL-53(M) (M: V, Al, Fe and Cr) which were
used in catalysis of condensation reaction of glycerol with
acetone. It was observed that the materials with higher vanadium
content exhibited enhanced activity and reusability at room
temperature.®> Wang et al. fabricated microporous MIL-47 frame-
works VO (1,4-benzenedicarboxylate) with CS,, tetrahydrothio-
phene, thiomorpholine and thioxane. The channel opening of
framework was significantly expanded by intercalation with CS,
by breathing deformation mode, in contrast to numerous other
molecules that typically lead to contraction of channel opening.
With incorporation of CS,, maximum spherical void diameter
increases to 8.0 A from 7.6 A of VO (1,4-benzenedicarboxylate)
with empty channels.®*® The development of more stable novel
materials is required as extensive leaching of active V species
is observed in vanadium-based solid catalysts in liquid phase
oxidation reactions. Consequently, Kim et al. synthesized V-based
MOFs by dispersion on a carbon support, of vanadium oxide and
carbide species by pyrolysis of MIL-47(V) (Fig. 6). A number of
carbon catalysts containing different surface and bulk phases of
V were synthesized by affecting the phase transitions of V by
altering the pyrolysis temperature. Vanadium carbide catalysts
displayed better performance and increased stability as con-
firmed by lesser amounts of V leached (<20%) in comparison
to conventional V/AC (56%) during the recycling runs. This
investigation signified noteworthy advancement in the development
of supported V catalysts, with decreased leaching in fluid-phase
oxidation reactions in contrast to materials orchestrated by ordinary
impregnation strategies.®”

The electrochemical reaction of lithium with MOF, V¥(0)(bdc)
[MIL-47] was investigated by Kaveevivitchai et al. The large open

a)

V center
(V precursor)

BDC linker
(C source)
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channels present in the MOF can easily lodge small ions like Li".
The redox properties of vanadium(v) ions led to the use of this
material as a rechargeable intercalation electrode in lithium
batteries. The electrochemical properties of material were studied
in Li|1 M LiPF, in ethylene carbonate and dimethyl carbonate
V(O)(bdc) cells vs. Li/Li* cathodes.®® Farzaneh and Sadeghi
reported a new heterogeneous catalyst Fe;0,@SiO,@APTMS®@
VMIL-101, synthesized by incorporation of Fe;O, nanoparticles
modified with sodium silicate and (3-aminopropyl) trimethoxy-
silane (APTMS) in V-MIL-101. The epoxidation reaction of allyl
alcohols and alkenes with tert-butyl hydroperoxide was catalysed
by the material with reasonably good yield. The material was
stable and reusable, thus demonstrating its heterogeneous
character.’ MOFs having open metal sites are prospective
adsorbents for the separation of gaseous mixtures. Yang and
co-workers investigated open-metal sites V"' on MIL-100v""Y
and MIL-101V"™" having CO,/CH,/N,/O, adsorption capability.
It was observed that the binding energy of single O, on an open-
metal V'™ site is reduced to 26.5 k] mol " from 93.278 kJ mol *
when the sites are occupied by H,O. XPS pattern of V 2p
indicated that on removal of water coating, V-MOF changed to
MIL-100V" and MIL-101V" at 25 °C owing to the effect of 0,.%°
Voort et al. reported V-based MOFs containing V"' and V'V as
metal nodes with their structure, porosity, stability and applications
in oxidation catalysis and gas sorption.”* Two families of MOFs ie.
MIL-88 and MIL-101 constructed from transition metal (TM) clus-
ters (TM = Cr, Fe, or Sc) have been recognized. Actually, these MOFs
are polymorphs, fabricated from the same metal and organic
linkers, but differ in the linking of components.”> McNamara
et al. prepared a V-based MOF, MIL-47 and investigated its catalytic
activity for oxidation of dibenzothiophene (DBT), benzothiophene,

carbothermal b)
reduction /

.k ) /
V ph /
phase contro .‘j‘

carbonization ’Jl
T s,'z~

‘e o
© © o
o ° H <::>
V,0, Vo,

low
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Fig. 6 Schematic representation of V-based MOFs on a carbon support via pyrolysis of MIL-47(V) [reprinted with permission from ref. 87, Copyright ©

Elsevier, 2016].
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and thiophene. The activation energy for DBT oxidation on MIL-47
was observed to be 51 k] mol™. It was established that better
catalytic activity of MIL-47 was not merely attributed to the partial
availability of active sites of MOF but also to the nature of metal
centre.”® The MOF, V-MIL-47, was synthesized and employed to
catalyze the epoxidation of cyclohexene in different solvents. On
dissolving the MOF in water, considerable leaching of V-species was
observed whereas negligible leaching of the oxidant was observed
on dissolution in decane. The structural framework of V-MIL-47 was
retained during consecutive runs. Extensive computational
modelling studies were performed to establish that a number
of reaction cycles are possible.”* Lieb et al. synthesized meso-
porous vanadium(ur) trimesate MIL-100(V) in hydrothermal
conditions. The MIL-100(V) MOF exhibited higher adsorption
capability and co-ordinatively unsaturated V sites in +3 and +4
oxidation states as indicated by the in situ IR studies after NO
exposure.”’® Rives et al. explored the self-diffusion of prolonged
chain n-alkanes in MIL-47(V) MOF by joining quasi-elastic neutron
scattering (QENS) and molecular dynamics (MD) simulations. The
experimental diffusivities confirmed a non-monotonous reduction
with growing chain length.”® Phan et al. amalgamated homoge-
neous catalysts having higher activity and heterogeneous catalysts
for methane activation. Vanadium based MOFs (MIL-47 & MOF-48)
were observed to be chemically stable with high catalytic activity.
Both the MOFs selectively transformed methane to acetic acid
using K,S,0g as an oxidant. It was shown by isotopic labelling
technique that both the methane molecules successfully trans-
formed to acetic acid. The MOF catalysts were reusable and found
to be catalytically active for a number of cycles while retaining their
framework structures.””

Chromium-based metal organic
frameworks

Chromium is the fourth transition metal and first element in
group six. Chromium coordinates to various organic linkers and
leads to generation of different types of MOFs which are utilized
for gas separation, adsorption, catalytic activity, sensing, desalina-
tion, water treatment etc. In catalysis, controlling the interactions
between active sites and substrates is crucial. The most prominent
technique is to alter the active sites with a variety of compounds
which, however, reduces substrate accessibility and, as a result,
diminishes activity. Thus, the construction of heterogeneous
catalysts with naked metal NPs that can simultaneously modulate
substrate interactions is strongly desired.”® The surface naked
metal NPs encapsulated onto MIL-101 achieved tunable inter-
action with the substrate and displayed outstanding catalytic
activity and perfect selectivity.”® Zhao et al. carried out the
synthesis of MIL-101(Cr) with massive porosity, using different
additives as a modifier to regulate the morphology of MOFs. The
addition of NaOH yielded MOFs with high porosity and particle
size of about 87 nm. The CO, adsorption capacity exhibited
by nano-sized MIL-101(Cr) was almost twice that of bulk
MIL-101(Cr).**® Owing to their higher surface area and porosity,
MOFs are fascinating materials for electrochemical applications,
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100 nm

Fig. 7 (a—c) SEM and (d-f) TEM images of the MIL-101(Cr)@rGO nano-
composite [reprinted with permission from ref. 101, Copyright © Elsevier,
2018].

but poor electrical conductivity impedes their utility. Zhang
and co-workers fabricated a chromium terephthalate MOF MIL-
101(Cr) with reduced graphene oxide (rGO) (MIL-101(Cr)@rGO)
nanocomposite (Fig. 7) which exhibited improved conductivity.
The nanocomposite was employed for voltammetric monitoring
of 4-nonylphenol in concentration range 0.1 to 12.5 pM, with 33
nM as the detection limit."”"

Zare et al. immobilized Candida rugosa lipase with derivatives of
chromium terephthalate MIL-101(Cr) and its three improved forms:
amino MIL-101(Cr) (NH,-MIL), trichlorotriazine amino MIL-101(Cr)
(TCT@NH,-MIL) and glutaraldehyde amino MIL-101(Cr)
(Glu@NH,-MIL). The MOFs CRL@Glu@NH,-MIL displayed
highest specific activity for enzymes. Nearly 80-90% of enzyme
activity was maintained after 35 days, demonstrating an out-
standing storage stability of the immobilized CRLs.'**> The
leaking of liquid phase over the melting point and low thermal
conductivity of phase change materials (PCMs) are significant
hindrances that right now forestall the viable use of natural
PCMs. Wang et al. fabricated a novel heterogeneous MOF by
depositing Cr-MIL-101-NH, MOF nanoparticles on the surface
of CNTs (Fig. 8). The combination of CNTs and MOF nano-
particles resulted in the formation of a 3D and interpenetrating
network. The fabricated PEG2000/CNT/Cr-MIL-101-NH, compo-
site exhibited better chemical and thermal cycling stability than
PEG2000/Cr-MIL-101-NH, PCM.**

Dynamic adsorption behaviour of diverse volatile organic
compounds (VOCs) in gas phase on improved M-MIL-101(Cr)
and MIL-101/HNO; was explored with special emphasis on
gasoline adsorption. The growth of VOCs and measurement
of their dynamic adsorption behaviour and adsorption capacity
was compared on both the MOFs. Better results were obtained
with MIL-101(Cr) as it adsorbed 90.14% gasoline on regeneration
after 4 cycles.'® Rostamnia et al.' synthesized open metal site
MOFs of MIL-100(Cr) which were used as a support for molyb-
denum complexes. The MoO(0O,), complexes were coordinated
on an ethylene diamine (En)-decorated MIL-100(Cr) pore cage
(MoO(0,),@En/MIL-100(Cr)) and were successfully used for a

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Formation of the PCM composite through the CNT inserted MOFs [reprinted with permission from ref. 103, Copyright © Elsevier, 2018].

green thioether oxidation process, mediated by H,0, (30%). The
inimitable features like tremendously high surface area and
porosity with a tuneable pore size make the MOFs an attractive
material for adsorption of diverse trace pollutants from waste
water. Azizi and co-workers synthesized and studied MIL-101(Cr)
MOF as a proficient material for adsorption of diazinon with
92.5% removal from waste water at neutral pH. The MOFs
exhibited a mesoporous octahedral structure, crystallinity and
high thermal stability. The use of Langmuir isotherm for
adsorption and Thomas model for system behaviour was in
conformity with the results obtained."®® Efficient removal of
pyrethroids present in water and tea samples was achieved with
the composite of MIL-101(Cr) with dispersive liquid-liquid
microextraction. A linear range was achieved in concentration
range 0.05-10.0 ng mL ™', with sensitivity and detection limit of
0.008-0.015 ng mL ™" and 0.028-0.050 ng mL ", respectively.
The technique was effectively employed for the estimation of
pyrethroids in real life samples with acceptable recuperations.’®” A
new approach for development of multiple adsorption sites in
MIL-101(Cr) for CO, capture application was carried out by
incorporating diethylenetriamine-based ionic liquid (DETA-Ac)
by post-synthetic modification. High surface area and bulky
cage size of MIL-101(Cr) led to better dispersion of ionic liquid,
resulting in a higher number of sites for adsorption of CO,. The
sole MIL-101(Cr) MOF adsorbed 1.22 mmol g~ " of CO, whereas
incorporation of DETA-Ac in MIL-101(Cr) MOF increased binding
sites, and 2.46 mmol g~ of CO, was adsorbed. Cooperation of the
composite and carbon dioxide resulted in high isosteric heat of
adsorption.’® Zhao et al introduced MIL-101(Cr) MOF as an
adsorbent for removing elemental mercury from sintering flue
gas. Results revealed that mercury removal efficiency was increased
with increase in temperature and oxygen content'® (Fig. 9).
HF-free MIL-101(Cr) was synthesized hydrothermally and
used for the fabrication of a highly sensitive humidity sensor
with reasonably good response and recovery time. Thus, porous
MIL-101(Cr) nanoparticles were established as efficient humidity
sensors."'® The porous materials like MOFs have been widely used
as adsorbents for hydrogen storage. Chromium(m) terephthalate-
based MIL-101(Cr) is the most stable material among all the MOFs

© 2021 The Author(s). Published by the Royal Society of Chemistry

Hg in flue gas

MIL-101(Cr)

Fig. 9 Hg removal from flue gas by the open metal site of MIL-101(Cr)
[reprinted with permission from ref. 109, Copyright © Elsevier, 2018].

with good uptake capacity for hydrogen. Yu et al fabricated
MIL-101(Cr) MOFs with huge surface area, using carbon as a
surface modifier. The hybrid MOF material was employed for
hydrogen storage which exhibited a capacity of 67.4 mol kg™ " at
77 K and 100 bar. The adsorption was measured by volumetric and
gravimetric techniques."" Interpenetration of alkali metal ions in
MIL-101(Cr) MOFs maximized the uptake of water. Iso-steric heat
of adsorption was measured by the Van't Hoff equation. Doping of
alkali metals (5%) resulted in a decrease of hydrophobic length
and increase in water uptake, depending upon the molecular mass
of metal ions."™® Panchariya and co-workers prepared hybrid
material of chromium(m) nitrate nonahydrate with terephthalic
acid, and doping of carbon led to the fabrication of DAC/MIL-101
MOFs. Physical and chemical properties, stability and their appli-
cations were investigated to determine gas storage, adsorption and
catalysis efficiency."™® Kayal et al fabricated composite MAX-MIL
using fluorine free hydrothermal reaction, by incorporating
activated carbon in situ in MIL-101(Cr) MOFs. Furthermore, the
adsorption of CH, and CO, on MAX-MIL and MIL-101(Cr) MOFs
was compared, using gravimetric and volumetric uptakes. It
was observed that the modified composite, MAX-MIL adsorbed
higher amounts of CH, and CO, in comparison to the original
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MIL-101(Cr) MOFs."™* The shape selective MIL-101(Cr) MOFs were
employed as a stationary phase in gas chromatography, to separate
isomers of hydrocarbons on the basis of their binding efficiency
and molecular mass. Elution of linear hydrocarbons, and xylenes
i.e. meta-xylene, para-xylene and ortho-xylene was studied.'"
Catalytic adsorption of radioiodine and iodine was per-
formed with MIL-101 in cyclohexane, and 97.9% elimination
of iodine was attained. Advanced application of this reaction
can be employed for controlling the amount of iodine during
nuclear accidents involving radioiodine.'*® Production of
hydroxylacetone was discussed along with acetaldehyde and
acetic acid from 10% oxidation of propylene glycol using
tertiary butyl hydro-peroxide (TBHP) by a reaction catalysed by
chromium-based MIL-101 and MIL-100 MOFs. The unsurpassed
results were attained with MIL-101, employing acetonitrile as a
solvent. It was observed that addition of molecular oxygen
enhanced the reaction rate whereas the presence of radical chain
scavengers generated a signified radical chain mechanism of
oxidation process.""” Insertion of NH, in chromium based MOFs
(MIL-101) was tested for enhancement of its interaction with
ibuprofen and nimesulide. The liberation of ibuprofen and
nimesulide was 80% and 10%, respectively, achieved in 8 days.
The loading capacity of NH,-MIL-101(Cr) is much higher in
comparison to MIL-(Cr). The drugs and matrix are joined by a
hydrogen bond with the help of NH,. The release time of the
drugs was extended by the matrix.'*® Cr-MOFs were synthesised
by utilization of waste PET bottles through one-pot conversion,
originated from BDC acid linker. The prepared Cr-MOFs were
employed for hydrogen storage applications with 1.8-2.1 wt%
hydrogen uptake. Ethylene glycol and terephthalic acid
were formed by depolymerisation on addition of a catalyst."*®
Differentiation was made between MIL-101(Cr), Selexsorb CDX,
Selexsorb CD, silica gel and activated carbon for the sorption
of nitrogen compounds using batch and fixed-bed set
ups (Fig. 10). Langmuir and Freundlich models were used for
the quantification of batch test, activated carbon and

MIL-101(Cr). MIL-101(Cr) retained 85-90% stability by the
utilisation of acetone even after 300 cycles and exhibited

2.3 times greater adsorption efficiency than other commercial
120

adsorbents.

12

Nanoestructure

®CDX ASG ®VG-077 #MIL-100 (Cr)
0 20 40 60 80 100 120
Raffinate volume, mL/g

MOF extrudate
Fig. 10 Schematic representation of fabrication of MIL-100(Cr) [reprinted
with permission from ref. 120, Copyright © Elsevier, 2016].
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MIL-100(Fe, Cr) and MIL-101(Fe, Cr) MOFs were studied for
isomerization of dicyclopentadiene from endo to exo dimers,
contingent on the metal centre. MIL-100 possessed more acidic
sites, high efficiency for recovery and reusability which contributed
to its excellent catalytic performance.

Manganese based metal organic
frameworks

Manganese is not present free in nature but is present within
minerals. The ions of manganese act as co-factors for different
types of enzymes. Manganese based MOFs with characteristic
structural and electronic properties are fabricated mainly by a
solvothermal method. Han et al. synthesized two new manganese
based MOFs, [Mn,(bpe),(4-Brip)2], (1) and {{Mnz(H,0),(H-bpp),(5-
Brip),] H,O},, (2) employing a hydrothermal method. Two new
polymers were isolated from aromatic poly-carboxylate and Mn(u)
ions with bipyridyl ethane or bipyridyl propane ligands. Complex 1
possessed a 3D 3-fold interpenetrating network whereas complex 2
contained 1D ladder-like chains. The chains were linked by
N-H- - -O and O-H- - -O hydrogen bonds to form a 2D interlocked
structure."*' Owing to their large surface area, simple synthesis
methods and numerous applications, MOFs are considered as
highly attractive materials. Recently, MOFs have earned global
recognition in the field of hydrogen storage. Hu et al. evaluated
interrelation between hydrogen storage capacities and structure
of MOFs, with reference to surface area and pore size."”> Zhao
et al. synthesized [Mn;(HCOO)s]DMF MOF solvothermally,
using Mn salt, formate ligand and DMF solvent. A neutral 3D
network with fascinating 1D zig-zag channels was formed where
the formate ligand formed a p’-bridge to join three octahedral
Mn(u) centers. The as-synthesized MOFs exhibited more exciting
adsorption properties for CO, than N, under ambient condi-
tions, with CO, uptake of 57 and 43 cm® g~ ' at 273 K and 298 K,
respectively.’” A new hybrid material CM-MIL-101 was
employed for epoxidation of alkenes and hydroxylation of
alkanes using sodium periodate. The results revealed that
approximately 90-95% of alkenes were converted to ketones
and alcohols. Mild reaction and easy work up conditions are the
unique features of this catalyst.'**

Thermal decomposition of cobalt-terephthalate and manganese
MOF precursors was used for the fabrication of Mn;0,, Co;0,, and
Mn,0; NPs with average diameter of 60 nm, 40 nm and 80 nm,
respectively. These MOFs showed great stability and reusability
towards olefin oxidation. Catalytic conversion of cyclohexene yields
80-95% efficiency.”® A 3D manganese MOF namely, [Mn(L)(ndc)],
was isolated using co-ligands of 2,6-naphthalenedicarboxylic acid
(ndc) and 1,4-bis(5,6-dimethylbenzimidol-1-ylmethyl)benzene (L)
which was employed for catalytic degradation of dye. For congo
red solution, 85% degradation was attained in 130 min.**® A
series of some new Mn-MOFs was synthesized successfully
under similar experimental conditions by manipulating the
solvent systems. Characterization was made on the basis of
XRD results showing variation in interconnections, layers of
crystals and inversion center. The effect of solvents on structure

© 2021 The Author(s). Published by the Royal Society of Chemistry
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was also discussed along with the feasibility of making MOF
based SBUs."*’

Iron based metal organic frameworks

Iron based MOFs having a periodic network structure are the
hybrid solids formed by coordination of iron ions with organic
ligands. Iron based MOFs are encouraging options in comparison
to conventional heterogeneous catalysts because of their char-
acteristic properties such as single iron sites, high porosity, and
huge surface area which make available the active sites for
reactants. Kailin et al. reported high yield conversions and better
selectivity reactions within confined spaces of a micro-reactor.
Furthermore, MOF catalysts were supported on the network
of interconnecting channels. The huge surface area (ie.
200000 m*> m?) is best suited for deposition of the catalyst.
ZIF-8, PAZIF-8 and FeBDC were synthesized and employed for
Knoevenagel condensation reaction, selective hydrogenation
reaction and acetalization reaction, respectively.*® Presently,
applications of MOFs in agriculture and food processing have
started to unfold, but still the toxicity of MOFs is of great
concern. MOFs based on iron carboxylate (Fe-MOFs) exhibit low
toxicity and hence, can be employed in food processing in
controlled doses. Abdelhameed and co-workers reported por-
ous Fe-MOFs modified with EDTA dianhydride (Fig. 11). It was
observed that Fe-MOF-EDTA exhibited better activity as com-
pared to other Fe-sources in improving the growth rate, chlor-
ophyll content and antioxidant enzyme activities of Phaseolus
vulgaris.'*® The catalytic performance of iron based MOFs,
namely Fe-MIL-101, Fe-MIL-100 and Fe-MIL-53 was compared
for degradation of antibiotic tetracycline. It was observed that
Fe-MIL-101 showed efficient removal of tetracycline (96.6%)
that was much better in comparison to that of Fe-MIL-100
(57.4%) and Fe-MIL-53 (4.6%) under similar experimental
conditions.

o\

2 2 FeMOFEDTA oo

Fe*? Fe™

|
Fe

Fig. 11 Schematic representation of the fabrication of Fe-MOF-EDTA
[reprinted with permission from ref. 129, Copyright © Elsevier, 2019].
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It was also observed that there was significant improvement
in photocatalytic degradation effect and adsorption properties
with increase in time.’®° Yuan et al. fabricated H,N-Fe-MIL-
88B@OMC composites through in situ growth of H,N-Fe-MIL-88B
MOFs on ordered mesoporous carbon (OMC) by a hydrothermal
method. Addition of OMC resulted in enlargement of specific
surface area, lowering of electron transfer resistance, decrease of
size, drastic improvement in electrochemical performance and
enhancement of electro-catalytic activity for reducing p-nitro-
toluene and oxidizing hydrazine. Hence, H,N-Fe-MIL-88B@OMC
was used for fabrication of an efficient sensor for detection of
p-nitrotoluene and hydrazine. The sensor exhibited extensive
linear range with limit of detection at 8 pM and 5.3 nM for
p-nitrotoluene and hydrazine, respectively, under ambient
conditions."*" A synthetic method for preparation of hierarchically
spinel Ni,Co,_,Fe,O, micro-tubes by using iron-based MOFs and
inorganic acetate salts of nickel and cobalt involving combined
solvent evaporation and annealing technique was used for synthe-
sizing MOFs with adjustable sensing properties. The obtained
composite exhibited high sensitivity and magnificent reprodu-
cibility for estimation of acetone vapors at 120 °C."** Insertion
of Cu(u) species in iron-based MOFs having large surface area
reduced Cu(u) species to Cu(r). It was observed that Cu(r) doped
MOFs displayed high CO/CO, selectivity and improved CO
working ability of 1.61 mmol g~ ". It was also revealed that this
new composite can easily separate CO/CO, mixtures under
forceful flow conditions and can be efficiently reformed under
mild conditions."*® The synthesis of iron based MOFs doped
with bismuth was carried out by addition of Bi(u) and
MIL-101(Fe) by solvothermal method in a Teflon-lined auto-
clave. The new mesoporous compound exhibited enhanced
uptake of iodide ions from aqueous solution. The composite
displayed a fast adsorption rate that was affected by the pH of
solution. During catalyst and iodide ion interactions, equilibrium
was achieved in 20 min at neutral pH and 200 mg g~ ' concen-
tration of iodide ions.’** MOFs are used as heterogeneous photo-
catalysts, due to pores in their structures and large surface area,
especially for gaseous pollutants. Pollutant gases such as nitric
oxides can be oxidized by iron-based MOFs as photocatalysts. It
was also observed that an iron organic framework (MIL-101) is
extraordinarily stable and removed 60-70% NO, gases under
normal reaction conditions™*® (Fig. 12).

To enhance the adsorption property of iron MOFs for
selenite [Se(wv)], Fe-MOFs were modified by grafting AI** ions,

NO
‘OH+H = S
B "OH
NO HNO, HNO®

Fig. 12 Application of MOFs as a photocatalyst for the removal of pollutant
gases [reprinted with permission from ref. 135, Copyright © Elsevier, 2019].
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leading to Al & Fe-MOFs. Hydrolysis of Al & Fe-MOFs was
carried out at pH range 3.0-7.0 which led to an increase in
adsorption capacity by 77% and the efficiency of specific surface
area for Se(v) was increased by 112%, in Al@Fe-MOFs as com-
pared to Fe-MOFs."*® Being inexpensive and having high specific
capacity, Li-S batteries have significant prospects for future energy
storage. The main limitation in advancement of Li-S batteries is
the low conductivity of sulfur and volume extension in the lithia-
tion/delithiation process. High chemical adsorption among metal
oxides and polysulfides encouraged the use of a Fe;0,/C composite
obtained from Fe-MOFs as a proficient sulfur host in Li-S bat-
teries. Immobilization of sulfur and inhibition of dissipation of
poly-sulfides can be carried out through the Fe;0,/C composite
due to chemical bonding between iron ions and poly-sulfides, and
an interaction between oxygen anion and lithium ion. Initially,
specific capacity of the battery was observed to be 1324 mAh g™ ' at
a current density of 0.05 C, and after 300 cycles, 642 mA h g~ "
specific capacity was retained at a current density of 1.0 C. This
difference and maintenance upon charging and discharging is put
up on the buffer layers which are provided from the carbon
component and improve the electrical conductivity as well.'*” An
electrochemical biosensor based on Fe-MOFs was fabricated for
signal-on detection of T4 polynucleotide kinase (PNK). Immobili-
zation of Fe-MOFs on the electrode surface is the consequence of
hybridization of Fe-MOFs & AuNPs to modify single stranded DNA
to produce double stranded DNA. Electrochemical signal can be
produced on the electrode surface by generation of Prussian blue
through the reaction of Fe*" in MOFs with K,Fe(CN)e."*® In
order to produce sulfate radicals for degradation of organic
contaminants, ferrocene is considered as a suitable catalyst for
activating oxone. However, direct use of ferrocene in aqueous
solutions may cause tough retrieval and aggregation. Ferrocene
can be immobilized on some substrates without much effort.
These substrates displayed small surface areas and did not
offer meaningful contributions to catalytic happenings. Zhang
et al. specifically selected a Fe-MOF, MIL-101, as a support to
immobilize ferrocene chemically. The modified ferrocene-MIL
(Fe-MIL) was synthesized by Schiff base reaction in which
ferrocene-carboxaldehyde reacts with amine functionalized
MOFs (namely, MIL-101-NH,) (Fig. 13). Experimental studies
on catalytic activity of oxone for dye degradation were taken
into account. The results displayed that Fc-MIL presented
higher catalytic activity and smaller activation energy.'*’

Qin et al. established a synergistic approach to oxidize
anethole selectively with H,0, and tert-butyl hydroperoxide,
using ionic liquid and Cu- or Fe-based MOFs. Nearly 95%
selectivity was achieved over Cu-BTC-1 (BTC: benzene-1,3,5-
tricarboxylate) with 5.0 mol% [C12mim]Cl, employing H,O, as
an oxidant. It was observed that the synergic effect of Cu-BTC-1/
[C12mim]Cl was responsible for enhanced reactivity."*® It was
reported that 2-substituted benzothiazoles can be synthesized
under visible light irradiation through oxidative condensation
between alcohols and o-amino thiophenols. MIL-100 and MIL-68,
two iron-based MOFs were observed to be active for this reaction.
Higher concentration of long-lived positive holes in MIL-68 can
be photo-generated over MIL-100. Thus, MIL-100 displayed
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Fig. 13 Ferrocene modified MOF gives sulfate radicals and oxone on
activation [reprinted with permission from ref. 139, Copyright © Elsevier,
2018].

superior catalytic performance with 92.1-94.6% selectivity and
74.8-91.5% catalytic conversion.'*! Nikseresht and co-workers
reported esterification of oleic acid with different alcohols in high
yield under ultrasonic irradiation. The reaction was achieved with
a heterogeneous catalyst which was invented using heteropoly
acid and Fe-based MOF (MIL-53 Fe).'*? Liu et al. developed a
one-step Fe-based catalyst (Fe-MIL-88B) which exhibited better
catalytic execution for converting CO, to hydrocarbons. At 773 K
temperature, magnetite was achieved whereas the increase in tem-
perature to 973 K resulted in metallic iron as the prominent phase.
The varied performance of catalysts was due to the formation of
different iron species under given reaction parameters.'** MOFs
have transformed the probable applications of nano porous
materials. The most advanced applications of MOFs are their
use as supports for enzyme immobilization (Fig. 14). An in situ
approach for the synthesis of MOFs has been quite encouraging
due to many reasons: (i) enzyme immobilization is achieved in a
single step; (ii) it is quick; (iii) it is highly effective in encapsulation
capacity; (iv) enzymes are completely engaged without any leaching;
and (v) the action of engaged enzymes can be significantly
preserved.'**

Fenton reaction is considered a proficient method for degrading
highly toxic pollutants. Due to reusability and non-production of
sludge, heterogeneous Fenton-like catalysts provide an encouraging
substitute to homogeneous catalysts. However, these catalysts
normally exhibit little activity towards production of OH because of
their restricted visible active sites as well as exertion in reduction
of Fe(m) to Fe(u). Hence, Cong et al. utilized iron-based MOFs

Conversion &
Selectivity

Enzyme@Fe-BTC biocatalyst ' B

Fig. 14 Graphical representation of the synthesis of Fe-BTC MOF [rep-
rinted with permission from ref. 144, Copyright © Elsevier, 2018].

Fe-BTC support Supported enzymes

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00719j

Open Access Article. Published on 28 September 2021. Downloaded on 2/23/2026 6:25:02 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

(MIL-88-B-Fe) as a heterogeneous catalyst for degradation of
pollutants. MIL-88B-Fe exhibited three times higher catalytic
activity than Fe,03, 0-FeOOH, and Fe;0,, traditional catalysts
and MIL-53-Fe and MIL-101-Fe, the other iron-based MOFs.
The combined form of MIL-88-B-Fe and H,0, was capable of
efficiently degrading 99% of phenol.'*® The adsorption capability
of iron-based MOFs having square paddle-wheel cage structure
for a H, molecule was studied. It was observed that the adsorp-
tion of H, molecules occurred on Fe active sites of the MOFs by
interaction of d-orbitals of the MOF and sigma orbital of a H,
molecule. The interactions were studied by DFT."*® A superficial
approach was established for the production of mesoporous
material comprising an Fe;O, core in a carbon nano disk shell
employing Fe-MOF as a precursor. To affirm the presence of
Fe;0, nanoparticles in carbon matrix FeMCNA-300, N, adsorption
and X-ray diffraction techniques were used. Approximately, 84%
degradation of methylene blue dye was achieved in 15 min under
ultra-sonication with FeMCNA-300 at the conditions of maximum
iron draining."*” Ehsan et al. fabricated Fe-based MOFs (MIL-101
Fe and MIL-88 Fe) as novel catalysts for synthesizing ethyl benzene
by alkylation of benzene with ethanol. The performance of
catalyst at fixed benzene to ethanol ratio at different tem-
peratures was also observed. MIL-88 demonstrated better per-
formance in comparison to MIL-101(Fe) for conversion of
reactants (ethanol-100%, benzene-72%) and ethylbenzene selectivity
(76%) at 175 °C temperature.*

Due to tunability of the pore aperture and structure, MOFs
are attractive materials for various applications. Araya et al.
successfully synthesized a three-dimensional MIL-53(Fe) MOF 4
by reacting Fe-MOF with BDC linker, followed by the formation
of composites with Amberlite IRA 200 and Amberlite IRA 900.
The synthesized MOF composites AMIL-53(Fe) and DMIL-53(Fe)
were used for degrading organic contaminants photocatalytically.
By adjusting the ratio of resin to MOF, 96% of the dye was
degraded in 120 min under visible light.** A crystalline Fe-based
MOF-235 was fabricated and used for heterogeneous catalysis of
a cyclo-condensation reaction of 1,2-diamines and ketones to
form 1,5-benzodiazepines."® A study showed the immobilization
application of MOFs by growth of a 3-D Fe-based MOF (MIL-100)
on Fe;0, compound. It resulted in the formation of a core-shell
microsphere, having large surface area and magnetic characteristics,
and is considered as the commendable option for enzyme
immobilization. The initial activity of enzyme was >65%, and
after 10 catalytic cycles, the activity was found to be 60%
over 6 h. This synthesis of highly dispersed compound is an
economically convenient, surfactant free and green synthesis."**
Anbia and co-workers synthesized iron terephthalate, MOF-235
hydrothermally that was used for gas adsorption. Among CHy,
H, and CO, gases, maximum adsorption capacity and selectivity
was shown for CH,. The presence of more open metal sites and
large pore volume were responsible for better adsorption of CH,
on MOF-235. The higher selectivity of MOF for CH, as compared
to other two gases, advocated that MOF-235 was a good
adsorbent for separation of CH, from gaseous mixtures.">
The removal of methyl orange, methylene blue or other harmful
dyes from contaminated water was carried out via adsorption on
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iron terephthalate (MOF-235). It was observed that adsorption of
dyes was a spontaneous and endothermic process. Furthermore,
with the adsorption of MB and MO dyes, entropy also increased.'

Cobalt based metal organic
frameworks

MOFs of cobalt display excellent applications such as adsorption,
catalysis, sensing, heavy metal removal, electrical conductivity,
etc. due to their highly crystalline and porous hybrid structure.
Cobalt based MOFs can be synthesized by hydrothermal, solvo-
thermal or wet impregnation techniques. The post-synthetic
technique which allows the formation of desired structure can
be used for fabrication of well-defined structural crystalline
MOFs. Peters et al. synthesized cobalt-based MOF, NU-1000
combined with linker naphthalene dicarboxylate for blocking
small cavities where cobalt oxide clusters grow (Fig. 15). For
oxidative dehydrogenation of propane, cobalt oxide cluster acts as
an excellent catalyst at 230 °C."**

Furthermore, intensification of catalytic activity of cobalt-
based MOF, Co-MOF-74@NDHPI doped with NDHPI under
mild conditions was detected. The modification resulted in
high selectivity of the catalyst for oxidation of toluene where
molecular oxygen acted as a primary oxidant. Experimental
studies showed the successful synthesis of benzoic alcohol,
benzaldehyde and benzoic acid with 18%, 48% and 34%
selectivity, respectively and conversion of toluene was found to
be 16%."** Various electrochemical techniques were employed
for insertion of titanium carbide in cobalt-based MOFs on nickel
foam. The advantages of titanium carbide-based Co-MOF as the
binder free supercapacitor electrode, increasing active sites and
promoting fast ion transport, provide a new way for further

Observed

Fig. 15 Assembly of NU-1000 with stress on observed electron density of
metal ions after post-synthetic anchoring of metal sites [reprinted with
permission from ref. 154, Copyright © American Chemical Society, 2018].

Mater. Adv.,, 2021, 2, 7308-7335 | 7319


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00719j

Open Access Article. Published on 28 September 2021. Downloaded on 2/23/2026 6:25:02 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

research on such composites as it has high gravimetric
capacitance.'”® A distinct MOF with 2-D structure was prepared
by coordination of cobalt ions with bis-carboxyphenyl-triazole
and bis-imidazolebenzene. On interaction with graphene, the
MOF gave well organized electro-catalytic hydrogen evolution
reaction (HER) with overpotential of 125 mV.">” An investigation
on the convenient ultrasonic technique for synthesis of cobalt
terephthalate-based MOF nano-sheets having oxygen vacancies
was carried out. The synthesized novel MOFs exhibited higher
anodic performance that enhanced their application in sodium
ion batteries. The improved working of batteries was attributed to
increased ion dispersion rate and reversible sodium ion storage
by the induction of electric field through oxygen vacancies.'*®
Jiang et al. fabricated a single phase Co/Mn-MOF-74 composite by
a hydrothermal method. The catalytic activity at low temperature
was demonstrated by using it as a control catalyst for industrial
NH;-SCR NO, degradation with 96% efficiency. Studies showed
that morphology of Co/Mn-MOF-74 was affected by the incorpora-
tion of Co ions."” The MOFs are also used as outstanding
electrode materials in supercapacitors. Co/Ni-MOF and Ni-MOF
was fabricated hydrothermally by altering the proportion of
nickel. The MOF with a dandelion like hollow structure displayed
splendid specific capacitance with 75% activity retention after
5000 cycles. Experimental studies showed enhancement in
electrochemical properties and improved morphology of the
MOFs."®® High porosity and surface area make the MOF a
fascinating electrode material for energy storage and conversion.
Zhu et al. reported a layered Co-based MOF on a nickel foam
support (Co-MOF/NF) which was used as a high-performing
electrode in supercapacitors. Furthermore, Co-MOF/NF demon-
strated a very high specific capacitance (13.6 F cm ?) at
2 mA cm ™2 in 2 M KOH which was higher in comparison to
other MOFs."*"

Yu et al. fabricated a Co-based MOF that was carbonized and
then acid etched to get mesoporous carbon, to use it as a
lithium-sulfur (Li-S) battery cathode scaffold. After etching,
mesoporous carbon displayed an enhancement in porosity and/
or in sulfur-loading amount. In comparison to the composite-1
cathode, composite-2 (1C = 1675 mA g ') delivered a high
discharge capacity of 925.1 mA h g~ ' in second cycle and
maintained a specific value of 781.1 mA h g~ * in 140th cycle.'®
Enzymes, the catalysts of nature, are highly selective and efficient.
In recent times, MOFs have attained great consideration as an
interesting porous support for immobilizing enzymes. However,
their handling and separation is still challenging, owing to less
density and higher dispersion of enzyme-MOF composites. The
magnetic-MOF can be a probable contender due to its advanced
structural design, coupled with magnetic characteristics. Definitely
fabricated magnetic-MOFs have unique properties like adjustable
composition, huge surface area and speedy collection, making
them a prospective candidate for immobilizing enzymes.'® In
recent years, MOFs have been considered advantageous materials
for electrocatalysis. However, electrocatalytic performance and
stability of synthesized MOFs was diminished by their low
conductance. Murthy and co-workers prepared a cobalt hydro-
xide functionalized multi-walled carbon nanotube (MWCNT)
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composite with improved electro activity using Co-MOF,
ZIF-67 templates. The composite was used in the fabrication
of a MWCNTs-Co(OH), modified glassy carbon electrode (GCE)
for estimation of hydrazine and hydrogen peroxide. The
MWCNTs-Co(OH),/GCE based sensor demonstrated linear range,
detection limit and sensitivity, comparable with that reported
earlier for sensing of hydrazine and hydrogen peroxide.'®* The
enhanced activity, selectivity, stability and synergic effect of
dissimilar components than single component earned extensive
attention. Yu et al. fabricated mesoporous hybrid dual-metal
MOFs (Co/Fe-MOF, Fe-MOF, and Co-MOF) and studied their
electrochemical properties in an ionic liquid (IL)/supercritical
CO, (SC)/surfactant emulsion system. It was revealed that due to
coexistence of two metals, Co/Fe-MOF displayed 4 times higher
specific capacitance (319.5 F g " at 1 A g ") as well as superior
cycling stability compared to that of single metal Co-MOF and
Fe-MOF.'® In alkaline medium, electrocatalysis of glucose was
performed with Co-MOF by using cobalt ions and terephthalic
acid on nickel foam. Selective and sensitive examination of
glucose through the production and development of non-
noble metal nano-array arrangement was found to exhibit
10886 pA mM ™' cm™? sensitivity and 1.3 nM detection limit.
The results revealed that a Co-MOF/NF compound has long-
range stability and powerful reproducibility.'®® Owing to the ill
use of antibiotics in creature farming and horticulture, it is
profoundly important to estimate anti-microbials in biological
systems by a straightforward, easy, and rapid strategy. Liu et al.
fabricated a novel nano-construction, Co-MOF@TPN-COF
using Co-MOF and terephthalonitrile-(TPN-COF) which was
utilized as an aptasensor for sensing commonly used B-lactam
antibiotic, ampicillin (AMP). The aptasensor exhibited a very
low detection limit of 0.217 fg mL™' in concentration range
1.0 fg mL™'-2.0 ng mL~"."*" The electrode property of cobalt
MOF was enhanced by doping it with heteroatoms which can be
further used in lithium sulfur (Li-S) batteries. By arranging the
activation time and addition of a small number of clews of
polymer nano belts, physiochemical properties of the doped
MOFs were altered. The areal mass loading was enhanced by
co-doping of the MOF defined carbon arrangement which
contains cobalt and oxygen containing groups in matrix medium.
This hybrid material showed transformation in activity efficiency
from 1300.69 to 1020.6 mA h g~ " for 0.1 and 0.5 current density
after several catalytic revolutions.'®® The novel microporous and
mesoporous cobalt-based MOF was synthesized in reduced
reaction time with a simple method at low temperature. The
as-synthesized lithium-ion batteries electrode displayed a high
discharge capacity and respectable cyclability with a high cou-
lombic efficiency. The micropores and mesopores of particles in
materials provide sufficient space for loading and diffusion of
electrolyte which is responsible for enhanced electrochemical
performance.'®® A slow evaporation technique was used for the
preparation of cobalt pyridine-dicarboxylate MOF. r-Cysteine
was detected with the help of cobalt pyridine-dicarboxylate.
High resistance was used for observation of signals at pH 4.
The slow evaporation technique was used for preparation of
{(CsHsNH)[Co(C;H,NO,)(C;H;3NO,)](C;HsNO,)-(H,0)}, composite

© 2021 The Author(s). Published by the Royal Society of Chemistry
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bonded through covalent and non-covalent bonds."”® Mehak et al.
investigated electrochemical oxidation of methanol in an alkaline
medium employing Co-MOF and its composites with GO
(Co-MOF-71/GO). The composite presented exceptional peak cur-
rent density (29.1 mA cm™?) at lower potential (0.1 V). The boosted
activity and stability was accredited to the synergy between the
MOF and GO substrate."”" In another study, Co-MOF designed by
coordination of cobalt ions with benzene-tricarboxylic acid in the
presence of tri-ethylamine and nonanoic acid Co@NPC-900 dis-
played many advantageous properties like large surface area,
proper pore sizes, highly ordered arrangement and diverse
constitutions with various organic linkers, and was utilized for
catalytic reaction of oxygen reduction and oxygen evolution."”>
Two types of nano-crystals of Co;O, were designed by indirect
solid state thermolysis of cobalt terephthalate MOF (MOF-71).
The MOF possessed an energy band gap of 3.7 eV and displayed
outstanding stability by retaining 85% capacitance after 2000
revolutions, excellent energy density and electrochemical
properties."”® DFT calculations were performed for investigation
of M-MOF-74 (M = Mg, Co or Mn). Experimental data indicated
structural design, band gap energies and many other properties
of MOFs. The results showed that primarily, ionic bonds and
covalent bonds were observed between the metal cations and
oxygen atoms. Cobalt and magnesium MOFs also possessed
hydrogen bonds."”* Choi et al. reported isostructural 3-D, Co(i)
and Cd(u) MOFs using rigid 1,4-naphthalenedicarboxylate
(1,4-NDC) as linkers. The 3-dimensional framework was gene-
rated by coupling of 1-dimensional chains which were formed
by the bridging of metal ions with ligand. The performance of
synthesized MOF as a catalyst in cyanosilylation reaction
of aromatic aldehydes was investigated, and approximately
50% improved results were obtained compared to previously
reported data.'”® The attraction for MOFs has increased owing
to their probable use in high efficiency energy storage. Liu and
co-workers synthesized cobalt based MOFs using tetrafluoro-
terephthalic acid as a linker. The MOF, with large specific
capacitance and splendid cycling stability, was used as an
electrode in supercapacitors (Fig. 16). The properties of
Co-MOF like enough space for storage, suitable pore sizes and
dispersion of electrolytes lead to its outstanding electrochemical
behavior. The electrode had a specific capacitance of 2474 F g~
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Fig. 16 2D view of Co-LMOF [reprinted with permission from ref. 176,
Copyright © American Chemical Society, 2016]
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Fig. 17 Cobalt metal organic frameworks as catalysts in the oxidative
desulfurization [reprinted with permission from ref. 177, Copyright © Royal
Society of Chemistry, 2015].

at 1 A gt
retained after 2000 cycles.

Co-MOF was used as a catalyst for oxidative desulfurization
reaction under mild conditions (Fig. 17). Cobalt MOFs were
fabricated solvothermally by the coordination of cobalt metal
ions with dicarboxylate ligand. Model oil to be desulfurized,
was generated by mixing dibenzothiophene in n-hexane. Production
of the corresponding sulfone from oxidation was confirmed by
FT-IR and mass analysis techniques, and 500 ppm of sulfur was
removed with 75.2% efficiency in 8 h."””

Trends in structural, catalytic and magnetic properties
of microporous cobalt MOF, [Cos(lac),(pybz),]-3DMF and its
derivatives prepared by ligand exchange or solvent exchange
were investigated. The effect of water, DMF and other solvents
on the crystal structure of MOF was studied by crystallographic
technique. Upon interaction with water molecules, adsorption
efficiency of Co-MOF for CH,, CH;0H, CcH, and I, gets reduced
whereas post synthetic changes in structure showed trans-
formation from antiferromagnetic to ferromagnetic.'”® Response
of MOFs towards adsorption of gases, separation and even
storage of gases in both humid and aqueous medium was
studied. Almost all the MOFs are unstable in an aqueous
medium whereas few such MOFs are known which show water
stability. XRD, BET and N, adsorption studies were carried out
to determine the stability of MOFs, and a useful collaboration
of data was reported for advancements in MOFs."”® The super-
capacitor properties of cobalt MOF, synthesized from cobalt
metal ion and benzene-dicarboxylate in DMF solvent, were
investigated. Porous cobalt hydroxide was produced by the
surface hydrolysis of Co-MOF in a basic medium. The newly
formed porous cobalt hydroxide is active, and has excellent
pseudo capacitance and electro-catalytic activity. Large nano-
scale porosity was introduced into the products because of
conformal transformation.'®® In current energy gadgets, efficient
hydrogen evolution by electrocatalytic water splitting offers a lot
of potential. Wang et al. reported that localized surface plasmon
resonance (LSPR) excitation of Au nanorods efficiently boosted
the hydrogen evolution property of CoFe-MOF nanosheets.
Studies performed suggest that improved hydrogen evolution is
mostly due to the injection of hot electrons from Au nanorods
into CoFe-MOF nanosheets which raises the Fermi level of CoFe-
MOF nanosheets, allowing for the reduction of H,O and a lower
activation energy for HER."®!

current density, and about 94.3% capacity was
176
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Nickel based metal organic
frameworks

Nickel is a lustrous, metallic and silver-white metal with a slight
golden tinge. The enzyme of nickel like urease is used in some
organisms. The MOF of Ni is formed quickly at room temperature.
Arul et al. reported solvothermal fabrication of nickel-based MOFs
capped with polyvinylpyrrolidone (Ni-MOF-PVP). Drop casting
technique was used for fabrication of a GC electrode of as
synthesized Ni-MOF-PVP material which was used for selective
estimation of nitrobenzene (NB). It was observed that with increase
in concentration (0.2 pM-1 mM), amperometric current response
of NB increased with a detection limit of 97 nM. The proposed
electrode was used to determine NB in samples of tap and lake
water.'®” The pore size and surface structure of nickel-based MOFs
can be regulated via a simple, cost-effective and environment
friendly method by using three different molecular lengths of
carboxylic acids. Large surface area and pore characteristics
promote easy dispersion of electrolyte ions on the framework.
Moreover, it was doped with carbon nano-fibers for increasing
electrochemical performance. It exhibited high power density
(1064.7 W kg™ ") and specific capacity (250.6 mA h g~') corres-
ponding to 1 A g~ ' current density. During the catalytic process
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of 5000 cycles, 92% capacity was retained.'®* Electrochemical
bio-sensing application of the electro-active nickel MOFs, having
large surface area and modified structural properties, was examined
by Wu et al. Ni-MOFs were mixed with tricarboxytriphenyl-
amine, tri-phenylamine and Ni,O, for electrochemical sensing
of thrombin. High selectivity and sensitivity with detection
limit of 0.016 pM in the 0.05 pM-50 nM range was observed
in the synthesized electro-active MOFs'®* (Fig. 18).

The coordination of nickel metal ion with terephthalic acid
was carried out by solvothermal synthesis. The synthesized
composite had a 3-D flower like structure, and its chemical
stability and electrochemical activity were enhanced by ultra-
sonic method. A non-enzymatic electrochemical glucose sensor,
with a detection limit of 4.6 uM over a large concentration range
(20 pM-4.4 mM), was developed by the modification of Ni-MOF
with a glassy carbon electrode.'® The synthesis of a stable
crystalline 3-D mesoporous network by coordination of a metal
ion with poly-dentate organic linkers was performed through a
solvothermal pathway. Nickel metal ions were coordinated with
terephthalic acid using DMF solvent. X-ray studies were carried
out to evaluate the crystalline nature and crystallite size. Catalytic
adsorption of NO, with different molar ratios was studied to
analyze the composition of designed MOFs. The band gap was
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Fig. 18 Graphic demonstration of (A) preparation of AP Il bioconjugate signal probe, (B) structural affected magnetic and electrochemical properties of
Ni-MOF and (C) fabrication procedure of the electrochemical aptasensor for Tb detection [reprinted with permission from ref. 184, Copyright © Elsevier,

2019].
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observed to be approximately 3.94 eV from UV-vis studies."®®
Oxidation of tetramethylbenzidine in the presence of H,O, was
examined with Ni-MOF. Nickel MOF is also useful for food
environment analysis and in clinical medicine. In addition, a
Ni-MOF nanosheet was used to design a H,O, colorimetric sensor
having a detection limit of 8 nM over a large concentration range
(0.04-160 puM).'®” Hierarchical porous nickel MOF, with a perfect
pore size and specific surface area was fabricated by the coordi-
nation of nickel ions with trimesic acid. By varying the concen-
tration of trimesic acid and nickel ions, different morphologies of
nickel MOFs were obtained. The studies revealed that Ni-MOF
has powerful specific capacitance of 649 F g~ ', electrochemical
properties, 63.4% rate capability and 70% retention of activity.'®®
Microwave accelerated hydrothermal method was employed for
the polymerization of coordinated 3-D MOFs of nickel metal
(Ni-MOF). The experimental investigations indicated excellent
surface area (5131 m® g~ "), presence of drilling open pores with
radius 4.2-10.1 A and stabilization of a 3-D structure by various
hydrogen bonds (inter and intra-molecular).’®® The low bio-
degradability of industrial dye effluents makes them profoundly
harmful and carcinogenic for both human and aquatic lives, and
thus, they are considered unfavorable for the biodiversity of
environment. Ezugwu et al. reported the capability of cationic
Ni-MOFs for adsorbing charged and neutral dye molecules.
Nickel metal ions and bis-carboxyphenyl-imidazolium chloride
were used for the synthesis of cationic nickel MOF which was
used for preferential elimination of methyl orange (81.08%) and
congo red dyes (98.65%) by adsorption.'*® An investigation of the
synthesis of porous Ni,P/C composite from microwave accelerated
hexagonal rods of nickel MOF was carried out. The newly prepared
composite has long-term stability, highly porous arrangement,
powerful electrocatalytic activity and strong electrical conductivity.
The hydrogen evolution reaction (HER) was catalyzed by the electro-
catalytically active Ni,P/C composite at a potential of —64 mV and
possessed capacity for long term stability."*" He et al reported
hexagonal micro-rods of MOF-74-Ni prepared with a fast and facile
microwave-assisted method and applied the material as a prede-
cessor for the generation of a porous Ni,P/C composite. The as-
synthesized Ni,P/C displayed exceptional electrocatalytic activity for
the HER. The structure of generated NiO can be optimized by
varying some features of nickel MOF such as pore size, thermal
behavior, specific surface area and intrinsic structural properties.'*

Synthesis of MOFs with nickel, cobalt and zinc ions, using
benzene-tricarboxylic acid as a ligand, was carried out for the
determination of the morphological effect on electrochemical
applications and electrochemistry. XRD, FT-IR, SEM and electro-
chemical techniques were employed for determination of structure.
Studies revealed that three MOFs have some properties similar to
each other. Investigation on ponceau-4R gave the detection limit of
80 pM in 0.5-150 nM concentration range.'®® The gravimetric-type
gas sensing application of Ni-MOF-74 was explored with resonant
cantilever sensors in the ultrasensitive examination of carbon
monoxide. Ni-MOF-74 with nanoporous structure and huge
surface area holds great adsorption capacity for CO gas and it
might be due to definite interaction among Ni*" in Ni-MOF-74
crystal and CO molecules (Fig. 19).
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Fig. 19 MOF-loaded resonant microcantilever sensor [reprinted with
permission from ref. 194, Copyright © Elsevier, 2018].

It has been observed that the gravimetric sensor developed
by doping of Ni-MOF-74 on the resonant microcantilever,
exhibited highly sensitive detection of CO at a trace level with
less than 10 ppb (parts per billion in volume) detection limit. In
addition, the sensor also exhibited outstanding reproducibility
and long lasting stability.'** In addition to copper or iron-based
MOFs, nickel MOF has high thermal stability for the catalytic
activity of NH3;-SCR. Heat treatment in N, atmosphere was
carried out to enhance its catalytic performance and 92% of
catalytic NO conversion was achieved in temperature range of
275-440 °C."”® Wang et al synthesized a flower-shaped
MWCNTs/nickel-trimesic acid composite (MWCNTs@Ni/TA)
by a solvothermal method. It was revealed that the existence
of carboxyl functionalized MWCNTs helped to transform the
shape of solid spherical Ni/TA. Electrochemical studies have
shown that in comparison to spherical Ni(TA), flower-shaped
composite achieved higher specific capacity as well as improved
rate capability."®® In another study, a flexible carbon cloth
substrate was employed to grow Co;0,4/Ni-based MOFs by a
two-step hydrothermal method. The synthesized MOFs were
employed as electrode materials and exhibited a brilliant
specific capacity and good cycling stability.'®” The effectively
peeled nanosheets from a conductive 2D-MOF Ni;(HITP), were
found to be a proficient co-catalyst for CO, decrease in a cross
breed photocatalytic framework under visible light brightening,
exhibiting 97% selectivity and 3.45 x 10* umol g~ h™" yield of
carbon monoxide. Active sites for redox reaction and powerful
conductivity for charge transfer are advantageous. This work
gave fundamental insights into future structure and advance-
ment of more powerful MOFs for CO, reduction.'® Nickel-based
Ni-MOF-74 was blended by a solvothermal strategy. Ni-MOF-74
showed excellent catalytic properties for immediate arylation of
azoles by means of C-H initiation while other Ni-based MOFs,
nickel-based heterogeneous frameworks, and homogeneous
partners showed lower catalysis.'®® Tran et al. synthesized a
Ni-MOF and MWCNTs based Ni-MOF/MWCNTs catalyst for
non-enzymatic urea detection. The electrode with Ni-MOF/
MWCNTSs presented a tremendous sensitivity (685 pA mM ™" em ™2,
LOD 3 uM) with 10 s response time.>*® Qu et al. reported
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nickel-based MOF, [Ni(L)(DABCO),s] where L represents a
functionalized BDC (1,4-benzenedicarboxylic acid) linker and
DABCO represents 1,4-diazabicyclo [2.2.2]-octane. MOF capacitors
exhibited brilliant performance as electrode materials. The
Ni-DMOF-ADC electrode had a specific capacitance of 552 at
1 A g ' current density and 438 F g ' at 20 A g ' current
density.”®" Xu et al. established a superficial and effective one-
step solvothermal method for the synthesis of a magnetic and
porous Ni@MOF-74(Ni) [Ni,(DOBDC)] [(DOBDC = 2,5-dihydroxy-
terephthalate)] composite. The as-prepared Ni@MOF-74(Ni)
composite showed magnetic characteristics as well as high
porosity, making the composite a competent contender for
dye removal and targeted drug delivery systems. The composite
displayed an adsorption capacity of 177.8 mg g * and 4.1 mg g~ *
for rhodamine B and ibuprofen, respectively.>®> A nickel(n)
pillared paddle wheel MOF was prepared via amalgamation of
solvent-assisted linker exchange and transmetallation. The MOF
showed boosted N, sorption performance in comparison to the
isostructural Zn(u) counterpart.”®®> Because of their ultrahigh
activity and selectivity, single-atom catalysts (SACs) are of tre-
mendous interest. As it is challenging to make model SACs
using a generic synthetic technique, distinguishing between the
activity of different single-atom catalysts is difficult. Beginning
from multivariate MOFs, a comprehensive technique for the
production of single-atom metals implanted in N-doped carbon
(M;-N-C; M = Fe, Co, Ni, and Cu) has been established. When
used in electrocatalytic CO, reduction, Ni;-N-C demonstrated a
very high CO faradaic efficiency (FE) of up to 96.8% which
considerably outperformed other materials.***

Copper based metal organic
frameworks

Copper is a soft and ductile metal with red orange metallic
luster. Like zinc, copper is also present in trace amounts in
plants and animals. MOF of copper is used in gas separation,
catalysis, and super-capacitors. Cu-Based MOF can be synthe-
sized by a solvent free method. The synthesis of novel copper-
based MOFs was carried out by the addition of bioproduct
itaconic acid, and the fabricated MOF acted as an outstanding
CO, adsorbent. The MOF was grown with dissimilar chemical
formulae using diverse synthetic approaches and solvent mix-
tures or use of additives that may act as pore shape templating
agents. On the basis of comprehensive description, Cu-IA MOF
synthesized on a water—ethanol mixture reported the highest
conversion and CO, capture.’®> Wang et al. introduced Mg/Al
layered double hydroxide (LDH) nanosheets as modulators for
growth of HKUST-1 which is deprived of either pore blockage
or loss of crystallinity (Fig. 20). The addition of LDH to
HKUST-1 via a hydrothermal process caused phase change
from octahedron (110) facets to tetrakaidecahedron (100) and
(111) facets. Consequently, BET surface area and micro-
pore volume increased significantly. HKUST-1 exhibited high
acetylene uptake of 275 cm® (STP) g~ at room temperature
and 1 atm.”*°
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Fig. 20 Unit cells of HKUST-1 [reprinted with permission from ref. 206,
Copyright © Elsevier, 2019].

Lincke et al. prepared and explored the crystal structure of a
copper-based MOF. PXRD technique was used to confirm phase
purity of the material whereas TD-PXRD and coupled DTA-
TG-MS analysis confirmed its stability up to 230 °C.>°” The
catalytic property of copper-based MOF (Cu-MOF-74) was also
examined. An acid catalyzed reaction of anisole was carried out
for its Friedel-Crafts acylation. Effects of various parameters
like temperature, acylating agent and solvent were studied on
Cu-MOF. The MOF exhibited an extraordinary catalytic perfor-
mance for anisole alteration and p-MAP yield. Furthermore, the
structural MOF-74 phase was conserved when dilute acetyl
chloride was used as an acylating agent.>*® In another work, a
graphene doped copper-based MOF composite was fabricated
and employed for adsorption of ammonia at room temperature,
under dry and moist conditions. In a dry environment, compo-
sites with lesser quantity of GO were adjudged improved
adsorbents of ammonia in comparison to those having more
quantity of GO. In moist environments, adsorbed ammonia
caused the breakdown of MOF structure and release of active
groups.”*® The sonochemical synthesis of guanine-Cu-MOF was
reported by using copper metal ions and biphenyldicarboxylic
organic ligand, followed by doping of guanine. Their effect on
oprD gene expression was determined by a broth micro-dilution
method. Minimum inhibitory concentration (MIC) was observed to
be 400 pg mL~", and minimum bactericidal concentration was
400 pg mL™" of P. aeruginosa strains.>'® Some other transition
metal-based MOFs reported for various catalytic activities are
listed in Table 1.

Zinc based metal organic frameworks

Zinc is a silver-grey colored compound which is present in small
amounts in humans, animals, plants and microorganisms. The
central nervous system is functionalized by zinc homeostasis. Zinc
MOFs can be synthesized by a hydrothermal method. Sensing of
compounds and adsorption of gases are major applications of zinc
MOFs. Li and co-workers reported aggregation induced emission
enhancement (AIEE) of AuNCs in a liquid phase via incarceration
of AuNCs by in situ formed Zn-MOF. Glutathione capped AuNCs
(GSH-AUNCs) were prepared by reduction of Au®* by glutathione.
Zn** could meaningfully improve fluorescence of GSH-AUNCs with
the accumulation of 2-methylimidazole which was credited to the
formation of Zn-MOF. A fluorogenic sensor was proposed for
detection of Zn>* in concentration range of 12.3 nM-24.6 UM,
with 6 nM as the detection limit. The fabricated sensor was used
for efficient estimation of zinc in human serum, milk, water,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Some transition metal-based MOFs for different catalytic activities
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Transition metal based MOFs Method of synthesis Morphology Catalytic activity Ref.
Cu-MOF Solvothermal Cubic Synthesis of tacrine derivative 211
Ti-MOF Solvothermal Spherical Hydrogen evolution reaction 212
Ni-MOF Hydrothermal Nanosheets Hydrogen evolution reaction 213
Ni-MOF Sonication Stacked layers with smooth surface Catalyst during glucose sensing 214
Mn-MOF Solvothermal Aggregated nanotubes Electrode material for charge storage 215
Zr-Fu MOF Solvothermal Undefined shape Adsorption of CO, 216
Zr-Fu MOF Solvothermal Needle like structure Removal of nitrates and phosphates 217
Mn-MOF Electrochemical, solvothermal Hexagonal rods Adsorption of gases 218
Zn-MOF Solvothermal Flower like Reduction of Cr(vi) 219
Fe-MOF Solvothermal Octahedral Reduction of N, 220
Co-Fe MOF Ultrasonic Flake like Oxygen evolution reaction 221
Co-MOF Solvothermal Block structure Oxygen evolution reaction 222

and zinc sulphate syrup.>** Rodriguez et al. reported the synth-
esis of Zn-MOF (4,4’-bipyridyl and zinc acetate). The MOF was
doped with Eu®" or Tb*' in different proportions. The doped
Zn-MOFs exhibited characteristic red and green emission
conforming to Eu** and Tb** ions, respectively. On varying the
ratio of Eu** and Tb**, the color of emission by lanthanide
doped Zn-MOFs changed from red to orange-yellow-green.”>*
Duan et al. reported {[Zn(apc),]-H,O},, (1) and [Zn(apc),(H,0),] (2),
with a multi-functional ligand 2-aminopyrimidine-5-carboxylic
acid (Hapc). XRD investigations revealed that structure-1 consisted
of an interpenetrating pillared-layer 3D framework (point symbol
{83}2{86}), conforming to tfa topology whereas structure-2 pos-
sessed a 3D framework based on Zn(apc),(H,0),, interlocked by
hydrogen bonds.*** In another work, Zn-based MOF, {[(CH;),NH,],
[Zns (TDA), (TZ),]-4DMF},, (1) (H,TDA = thiophene-2,5-dicarboxylic
acid and HTZ = 1H-1,2 4-triazole) was prepared and characterized by
mixed-ligand strategy. The as-synthesized material was used for
detection of aniline, benzaldehyde, Cr,0,”~ and CrO,.”>*° A Zn
based MOF, {[[Zn,(BPS),(OH)s(H,0),]-5H,0],}, (H,BPS = 4,4’-
bibenzoic acid-2,2’-sulfone), containing wavy and infinite chain
SBUs, was synthesized solvothermally. The solid-state emission
spectra indicated strong luminescence emission bands at room

Carbon nanofibers
(CNFs)

Solvothermal \

(MOF synthesis) L4
=3 .

/,

Zn-MOF-74@CNFs

i —
Carbonized ¥
Zn-MOF-74

temperature.>”” A 3D web-like carbon material C-Zn-MOF-74@
CNFs was synthesized. It exhibited high electro-catalytic activity
for the oxygen reduction reaction (ORR) by direct carbonization
of a composite (Zn-MOF-74@CNFs) having Zn-MOF-74s grown
on a carbon nano-fiber (CNF) web (Fig. 21). The solvothermal
method was used to grow hexagonal pillar shaped Zn-MOF-74s
with 300-600 nm diameter along with the CNF web. The
calculated n value corresponding to this composite was 3.94 at
0.4 V for the ORR.>*®

In a study, synthesis of zinc-based MOFs through green and
facile synthetic methods was discussed. The nano MOF containing
biocompatible metal ions, ie. zinc(u) and benzene 1,3,5-tricarb-
oxylic acid (H3;BTC) as a linker to form [Zn-3(BTC)(2)] using electro-
and sonochemical methods was compared. The electrochemical
method generated a bigger particle size (ca. 18.43 + 8.10 um) than
the sonochemical method (ca. 87.63 + 22.86 and 112.23 +
28.87 nm, for 30 and 60 min, respectively). Slow-release of
ibuprofen was conducted in a phosphate buffered saline system
at 37 °C and pH 7.4.>*° Yadav et al. reported zinc-containing
MOF-5(Zn) and MOF-5W(Zn) systems, followed by incorporation
of silver which were employed in electrochemical oxidation of
accumulated nitrophenols. The electrochemical and structural

Carbonized
Zn-MOF-74@CNFs

{
\

Carbonization

Fig. 21 Outline of the synthesis of C-Zn-MOF-74@CNFs [reprinted with permission from ref. 228, Copyright © Elsevier, 2018].
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characterization revealed that silver is present in Ag@MOF-
5(Zn) in metallic form. The incorporation of silver changed
the electrochemical oxidation performance towards nitrophenols
in MOF-5(Zn) from “inactive” to “active”.®® Wang et al. synthe-
sized monodisperse MOF-5 crystals having tunable pore sizes and
shapes. The synthesis comprised base-tuned nucleation and
surfactant-modulated facet development of MOF-5. Under aug-
mented reaction conditions, monodisperse MOF-5 cubes, trun-
cated cubes, truncated octahedra, and octahedra were obtained
with high reproducibility.>®’ Mohammad et al. investigated
adsorption of aqueous tetracycline (TC) by MOF-5, synthesized
at room temperature. The MOF has cubic arrangement,
84.3% crystallinity, thermal stability up to 450 °C and about
2510 m” g~ ! BET surface area with both the micro- and meso-
cavities. The as-synthesized material was employed for adsorptive
removal of TC antibiotics, and nearly 96% of TC was removed
successfully (adsorption capacity = 233 mg g~ ').>**> Mixed matrix
membranes (MMMs) were fabricated by the introduction of
MOFs, to investigate their separation properties for H,, CO,
and CH, gases. There was no direct connection between the
gas adsorption capacities of MOFs and degree of permeation of
these gases over the MMMs. The most adsorbed gas (H,) infused
gradually over MMMs which could be used for separation of H,
from CO,.****** In summary, MOFs have shown various applica-
tions such as energy storage, catalytic degradation, electrical
conductivity and charge storage. The green and facile synthesis
method was used for the preparation of zinc-p-phenylenediamine
which was used for energy storage.”*> The liberation of U(vi) in
the atmosphere with extensive application of radionucleotides
has been established. The MOF of zinc was formed by the
solvothermal method, and used for the sorption of U(vi) which
is spontaneous and endothermic, contingent upon pH and free
from ionic strength. The researchers showed the sorption
capacity (237) at pH 5 and room temperature. FTIR and XPS
showed attribution to oxygen containing functional groups.**®
The regulation of selectivity towards aldehydes in aromatic
alcohol oxidation utilizing molecular oxygen under gentle con-
ditions remains a major concern. Chen et al.>*’ fabricated
Pt/PCN-224(M) (M = Zn, Ni, Co, Mn and 2H) composites by
incorporating Pt nanocrystals and porphyrinic MOFs. Due to the
strongest diamagnetism with d'° configuration of Zn>* among
different metals existing in a porphyrin center in the MOF, PCN-
224(Zn) demonstrates the greatest ability for O, activation and
0, production among all the PCN-224(M) MOFs investigated.

Conclusions and future prospects

Until now, different uses of MOFs have been scrutinized as they
display unique structural features, high flexibility, low cost, and
high productivity. Especially on an industrial scale, MOFs
illustrate promising results in waste water treatment innovations.
The adaptability of structural and electronic characteristics
provides the likelihood to plan materials which can be both
acceptable adsorbents and effective photodegradation catalysts.
Based on their large porosity, crystallinity and surface area,
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MOFs are used for waste disposal, gas storage, catalytic reactions,
sensing and separation procedures. Notwithstanding the turn of
events and the refinements, new engineered MOFs face difficulties
that come from the science of these materials and their upcoming
applications. Furthermore, the possibility of extensive execution of
MOFs in waste water treatment is encouraging but requires more
investigation, mainly considering scaling up application to study
their performance under real life conditions. Although great
progress has been achieved over the past few years for fabrication
of MOF materials with intrinsic catalytic activity and MOF-
supported metal nanoparticles, we believe that the limitations
of these systems in terms of chemical and thermal vulnerability
are still a great question mark with reference to consumption.
The extraordinary characteristics exhibited by MOFs have encour-
aged researchers to use these in numerous catalytic reactions and
usually, these MOF-intervened catalysts yield better results than
their conventional counterparts. However, regardless of these
outstanding characteristics of MOFs, there is still a lot of
opportunity to get better, and an incredible number of chemistries
to be investigated. The majority of reactions over MOFs are
explored for photocatalysis, electrocatalysis, thermal organic
catalysis, water splitting, and the CO,RR. Hence, extension to
other catalytic procedures should be looked into by the scientific
community. Also, hardly any works have reported profound
examinations of the morphological changes occurring during
pyrolysis. These examinations are vital as the morphology,
particle size, porosity, and composition significantly rely upon
the pyrolysis conditions. Thus, to highlight the change of MOFs
into desired materials, in situ operando methods like in situ
TEM must be achieved during pyrolysis. Finally, expansion of
the MOF fabrication strategies is additionally an unquestion-
able requirement to get ready for the large-scale manufacturing
of these promising designs. Given the outstanding character-
istics of MOFs, we emphatically believe that MOFs will keep
on getting broad consideration sooner rather than later, and
every one of these issues will be tended to by the catalysis
community.
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