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INTRODUCTION

Metal-organic frameworks (MOFs) were first discovered
in the year of 1965. MOFs are a class of compound in which
metal centers or clusters and multidentate organic groups as
linkers [1-4] are coupled together by coordinate bonds to form
one-, two- and three-dimensional highly porous structures [5]
as shown in Fig. 1. So, metal-organic frameworks (MOFs) are
inorganic-organic hybrid porous materials. In general, MOFs
are called as coordination polymers. However, for 2D and 3D
networks the term MOF is more appropriate than coordination
polymer. Thus these are also called as porous coordination
polymers (PCPs) [6,7]. Several coordination geometries such
as octahedral, tetrahedral, trigonal-planar, etc. and also inter-
esting structural architectures are obtained by varying the coor-
dination number of metal ions. Transition metals, lanthanides,
actinides, p-block elements, alkaline earth metals and even
mixed metals are usually employed for the formation of MOFs.
The N-containing aromatics or multivalent aromatic carboxylic
acids are commonly used as organic linkers in MOFs.

Over the last two decades, a lot of research work has been
done on MOFs. Due to structural flexibility, high surface area,
small density and tunable pore size, MOFs have a wide range
of potential applications in the field of gas adsorption and
storage, separation, catalysis, sensing, molecular recognition,
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Fig. 1. Schematic representation of a MOF structure

drug delivery, non-linear optics, luminescence, etc. [8-18].
Present article provides a review of literature on synthesis and
application of MOFs.

Connectors and linkers: For the formation of metal-
organic frameworks metal ions (connectors) and organic comp-
ounds (linkers) have been used. These are called “Primary
Building Units” (PBUs). In some MOFs, metal-oxygen-carbon
clusters are applied instead of metal ions alone. These metal-
oxygen-carbon clusters are termed as “Secondary Building
Units” (SBUs). Generally, 1st row transition metal ions like
Cr3+, Mn2+, Fe3+, Co2+, Ni2+, Cu2+, Zn2+ are used as connectors
in the formation of MOFs [19-35]. In addition, various alkali
metal ions [36,37], alkaline-earth metal ions [38-40] and rare
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earth metal ions [41-46] have been applied as a connector for
the synthesis of MOFs. For the production of MOFs in various
synthetic process, chloride, sulphate, nitrate, perchlorate, acetate,
oxide of metals have frequently used as precursor. Neverthe-
less, metal rods are used for the electrochemical synthesis of
MOFs.

Organic compounds which are used as linkers also called
as bridging ligands. They efficiently bridges two or more metal
ions by their donor atoms. Generally, N-donor (amines, nitriles),
O-donor (carboxylates, phosphates), S-donor (sulphonates)
ligands have been used for the synthesis of MOFs. Linkers
behave as electron pair donor whereas metal ions act as electron
pair acceptor. Thus organic ligands can easily donate its lone
pair of electrons to the vacant orbital of the targeted metal
ions to form coordination bonds and ultimately MOFs with
proper geometry are produced. The structures of different
linkers used for the production of MOF materials are shown
in Fig. 2.
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Fig. 2. Some ligands used in synthesis of MOFs

Synthesis of metal organic frameworks: Numerous
procedures have been employed for the synthesis of MOFs.
These can be happen in liquid phase, where at first solutions
of metal salt and ligand are prepared separately using solvent
and then mixed together or solid salt and ligand are mixed
then solvent is poured to the mixture to get a solution. Now as
the solvent plays a crucial role for the development of MOFs
having various features like redox potential, reactivity, stability
constant, solubility, etc. so the choice of solvent is most vital.
However, products depend upon the variety of parameters,
such as temperature, reaction time, pressure, pH and solvent,
must be considered as well.

Metal ions + Organic Linkers → MOFs

To produce MOFs different synthetic methods like slow
evaporation, hydro (solvo) thermal, microwave, electro-

chemical, mechanochemical and sonochemical are presented
here.

Slow evaporation method: It is a conventional method
for the preparation of MOFs, where no external energy is
required. In this process, the starting materials (metal salts and
ligands) are dissolved by solvent or by mixture of solvents.
Then the solution was kept at room temperature in an inert
atmosphere, the solvent will be slowly evaporated and solution
gets concentrated. After a few days, single crystals will appear
with proper shape and size. The key factor for the preparation
of MOFs is the solubility of the compounds. To increase the
solubility, mixture of solvent may be used. As the whole
process was carried out at room temperature, so this is a lengthy
process. Murinzi et al. [47] successfully synthesized a new
1D metal organic framework constructed by cobalt(II) as metal
salt and 2,6-pyridinedicarboxylic acid as linker using this
method. The cobalt(II)-MOF acts as a catalyst and its electro-
catalytic properties were studied. Dzhardimalieva et al. [48]
prepared a new MOF, Cu3(BTC)2.2DMF·2H2O at room temper-
ature. The Cu-MOF is used as a sorbent to remove organic dyes.

Hydro (solvo) thermal method: The most conventional
and universally used method for the preparation of MOFs is
hydro (solvo) thermal method as it affords different morpho-
logies. In this method, a solution is prepared taking the metal
salt and organic linker in a solvent or a mixture of solvents.
Commonly used organic solvents are dimethyl formamide
(DMF), diethyl formamide (DEF), acetonitrile, acetone, ethanol,
methanol, etc. Subsequently the solution obtained is introduced
in glass vials (for lower temperature) or in Teflon-lined auto-
claves or bomb reactor (for temperature higher than ~ 400 K)
[48]. When, H2O was used as solvent then the process is called
hydrothermal. A number of coordination complexes have been
successfully synthesized with the help of this method.

Zhou et al. [49] synthesized a new Ni-MOF using
Ni(NO3)2·6H2O and 4,4′-biphenyldicarboxylic acid (BPDC)
under hydrothermal route. Ni-BPDC is applied as a electrode
material. Ranjbar et al. [50] reported a manganese metal
organic framework constructed by Mn(NO3)2 as metal salt and
three ligands (i) 2,6-pyridine dicarboxylic acid, (ii) 1,2,3-
benzene tricarboxylic acid and (iii) 1,3,5-benzene tricarboxylic
acid via this method. The CO2 and SO2 gas uptake capacity
was also investigated using Brunauer-Emmett-Teller (BET)
analysis. Guo et al. [51] synthesized a new Co-MOF, [Co2(4-
ptz)2(bpp)(N3)2]n {where, ptz = 5-(4-pyridyl)tetrazole, bpp =
1,3-bi(4-pyridyl)propane and NaN3} The Co-MOF shows
important catalytic activity for the oxidation of hydrazine and
reduction of nitrobenzene. Wu et al. [52] prepared two new
metal organic framework viz. (i) Zr-MOF and (ii) Pd-MOF by
hydrothermal technique and investigated their photocatalytic
activity. Qin et al. [53] successfully synthesized two novel MOFs
{[Zn2(L1)(tp)(formate)2]·H2O}n (where (L1 = 1,2-bis{2,6-bis-
[(1H-imidazol-1-yl)methyl]-4-methylphenoxy}ethane, H2tp =
terephthalic acid) and {[Cd2(L2)(ip)2]·2H2O}n (where L2 = 1,3-
bis{2,6-bis[(1H-imidazol-1-yl)methyl]-4-methylphenoxy}
propane), H2ip = isophthalic acid) by hydrothermal method.
They show potential luminescent properties and particularly
Zn-compound has adsorption property for C60 molecule.
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Microwave method: In this technique, microwave irradi-
ation is the source of energy for reaction. Here, the reaction is
occurred on the basis of interaction between electromagnetic
waves and mobile electric charges, such as polar solvent mole-
cules or ions in the solution. This method was generally used
in organic chemistry during last few decades but nowadays it
is applied for the preparation of MOFs. The quality of the product
is similar as that of the normal solvothermal process. This is a
high speed synthetic route [54,55]. Besides, this method has
various advantages like high efficiency, phase selectivity,
particle size reduction and morphology control [56-61]. Lin
et al. [62] synthesized two nanoscale metal-organic frameworks
(NMOFs) viz. (i) [Mn(BDC)(H2O)]2 and (ii) [Mn3(BTC)2(H2O)]6

{where BDC = terephthalic acid and BTC = trimesic acid}
successfully by microwave-assisted syntheses. Bae et al. [63]
synthesized a zinc MOF i.e. [Zn2(NDC)2(DPNI)] {where NDC
= 2,6-naphthalenedicarboxylate, DPNI = N,N′-di-(4-pyridyl)-
1,4,5,8-naphthalene tetracarboxydiimide]} using microwave
method.

Electrochemical method: In this method, the target metal
ions are relentlessly supplied through anodic dissolution as a
metal source in place of metals salts into the reaction mixture
where it reacts with the dissolved linkers and electrolytes [64]
and formed the desired MOFs. HKUST-1 is first MOF, which
was synthesized by researchers at BASF in year 2005 using
electrochemical method [65]. This synthetic procedure has
been extensively used for the large scale production of MOFs
in industries. The main advantages of this process are avoiding
use of metal salts, lower reaction temperature and particularly
rapid synthesis, than conventional solvothermal synthesis. For
example, Zn and Al containing MOFs, ZIF-8, MIL-100(Al),
MIL-53(Al) and NH2-MIL-53(Al) have been synthesized by
Gascon et al. [66] adopting the electrochemical method. They
also reported that the yield of the product may vary with the
temperature, solvent, electrolyte and current-voltage density.
Li et al. [67] successfully prepared the fluorescent MOF of
[Zn3(btc)2] with 1,3,5-benzenetricarboxylic acid as linker and
Zn electrode and used to identify the nitro explosives.

Mechanochemical method: In mechanochemical method,
the chemical reaction is carried out with mechanical force.
The most important advantage of this process is that no need
of organic solvent to carry out the reaction. Generally, metal
oxides are used as starting materials instead of metal salts in
this method. Mechanochemical synthesis is simple, economical
and environment friendly. Alammar et al. [68] have been synthe-
sized three luminescent metal organic frameworks (MOFs),
[Ln0.5Gd0.5{C6H3(COO)3}] with a MIL-78 structure, where Ln
= Eu, Tb and Dy by this method without using organic solvent
simply and rapidly taking metal carbonates and benzene 1,3,5-
tricar-boxylic acid, commonly called as trimesic acid. Recently,
modified mechanochemical synthesis i.e. liquid-assisted grinding
(LAG) has been fruitfully applied for the fast production of
MOFs by Beldon et al. [69] where the reaction mixture is pre-
pared by adding a minimum amount of solvent.

Sonochemical method: In this synthetic process, ultra-
sonic radiation (20 kHz-10 MHz) is applied to the solution of
reaction mixture and as a result some chemical or physical

changes are observed into the molecules and ultimately MOFs
having novel morphologies and unique properties are achieved.
In the reaction medium high temperatures and pressures are
produced by the ultrasonic radiation. So within a short period
of time, reaction is completed and we get crystals with proper
size and shape. This method is very fast, reproducible, econo-
mical and environment friendly [70]. Masoomi et al. [71] prep-
ared two Zn(II) based MOFs by sonochemical method and
the compounds are characterized by PXRD, SEM and IR spect-
roscopy. Morsali et al. [72] synthesized 3D Zn based MOF,
[Zn(OBA)(DPT)0.5]·DMF sonochemically taking 4,4′-oxybis-
benzoic acid (H2OBA) as linker and 3,6-di(pyridin-4-yl)-1,2,4,5-
tetrazine (DPT) as spacer. Lestari et al. [73] synthesized one
Zn based MOF [Zn3(btc)2] by sonochemical as well as electro-
chemical method and compared between the two process. They
reported that higher yield and smaller size particles were gene-
rated by sonochemical method than the electrochemical
method.

Applications: MOFs have a wide range of applications
like gas storage, catalysis, sensor, drug delivery, etc. Some
major applications are illustrated as follows:

Gas storage: The main application of MOFs is gas storage
due to their exceptional large surface areas, tunable pore struc-
ture, low weight, open metal centers and functionalized polar
groups. The numbers of MOFs, which have been examined
for H2 storage are about 300. Ma & Zhou [74] studied porous
MOFs as H2 and CH4 storage and CO2 capture. Wong-Foy et al.
[75] reported MOF-177, which is produced by taking 4,4′,4″-
benzene-1,3,5-triyltribenzoate (BTB) and [Zn4O] clusters, best
example of H2 uptake material. It exhibits a gravimetric H2

uptake of 7.5 wt% at 70 bar and 77 K, due to its high BET
surface area (~5000 m2 g-1) and large pore volume (1.59 cm3 g-1).
MOF-5 (IRMOF-1) [76], a Zn-based MOF which have 3800
m2 g-1 BET surface area, capable of takes up 7.1 wt% of H2 at
40 bar and 77 K. In addition, several well known H2 storage
MOFs are MIL-101, MOF-210, MOF-205, HKUST-1, PCN-
12, NU-100 and NOTT-102 [77-79]. The large surface area of
MOFs is the main driving force for greater interaction amid
metal ions and hydrogen molecules. For this reason, a class of
compound can easily uptake the H2 molecules.

Sensing: Photoluminescence property was shown by maxi-
mum number of MOFs because each aromatic part of the linker
gets excited by absorbing UV-visible light and give lumine-
scence. MOFs having luminescent properties [80] are generally
used for the development of different types of sensors. Qian
et al. [81] reported various MOFs, which act as potential sensor
materials. Several luminescent MOFs have been used for
temperature sensing material. For example, Zn-based MOF
[Zn3(TDPAT)(H2O)3] (TDPAT = 2,4,6-tris(3,5-dicarboxyl-
phenylamino)-1,3,5-triazine) gives ligand centered emission
band at 435 nm upon excitation at 370 nm. The emission band
remains unchanged with decreasing temperature but the intensity
increases due to cooling restrictions of the thermally activated
intramolecular rotations and non-radioactive decay [82]. Tb-
dmbdc (dmbdc = 2,5-dimethoxy-1,4-benzene dicarboxylate)
compound also exhibits temperature dependent luminescence
property [83].
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Catalysis: The catalytic activity of these materials is
observed owing to the existence of unsaturated metal centres
or catalytic species existing in the pores or intrinsic sites in the
MOFs. The knowledge of catalysis is very essential for the
improvement of sustainable chemical processes [84] in chemical
industry. MOFs have been significantly utilized as heterogen-
eous catalyst because of their tunable porosity, high surface
area and diversity in metal ions and organic linkers. The MOFs
act as a good catalyst when the metal ions are not wholly covered
by organic ligands or when the coordinated water molecules
are eliminated giving a vacant coordination position on the metal
centre. For instance, in [Cu3(btc)2] (btc = 1,3,5-benzene tricar-
boxylate) MOF, after removing the coordinated aqua ligand
vacancy is created on Cu atom upon thermal activation [85].
Many organic reactions have been catalyzed applying nano-
porous MOFs. Such as, Knoevenagel condensation reaction
is catalyzed by means of either [Cd(4-btapa)2(NO3)2] [86] (btapa
= 1,3,5-benzene tricarboxylic acid tris[N-(4-pyridyl)amide])
or [Cr3F(H2O)2O(bdc)3] [87] (bdc = 1,4-benzenedicarboxylate).
Zou et al. [88] synthesized a three dimensional MOF taking
an isolated metal-organic cubic building block [Ni8L12]20– (H3L
= 4,5-imidazoledicarboxylic acid) bridged by alkali-metal ions
(Na+). This MOF showed stable catalytic activity for the oxid-
ation of CO to CO2. Few examples of MOFs catalyzed reactions
are listed in Table-1.

Drug delivery: MOFs have been used as drug delivery
materials since their properties can be adapted by changing
the coordinated groups of the frameworks and by delicately
tuning the pore size [102]. The family of MIL [103] composed
of trivalent metal ions and different bridging carboxylates are
suitable for drug delivery due to their greater pore sizes (24-25
Å) and related surface areas (3100-5900 m2 g-1). For example,
MIL-100 and MIL-101 have been examined for delivery of
drug (ibuprofen) as they have discrete structure and controlled
porosity. Serre et al. [104] established encapsulating drug
molecules (ibuprofen) in MOFs (chromium carboxylate), MIL-
100 and MIL-101, which exhibit drug storage capacities of
35 and 140 wt%, respectively and drug release activities of 5
to 6 days under physiological conditions. MOFs of iron(III)
carboxylate e.g., MIL-8, MIL-88A, MIL-100 and MIL-101
can easily capture antitumor, antiretroviral and anticancer [105]

drugs. A new MOF composite Fe3O4/Cu3(BTC)2, produced by
taking Fe3O4 nanorods and Cu3(BTC)2 (HKUST-1) nanocrystals,
adsorbed an anticancer drug namely Nimesulide of about 0.2
g/g of composite and it completely released after 11 days [106].

Electrochemical applications: In addition to the various
applications like drug delivery, gas storage and catalysis, MOFs
exhibit another important application, which is utilized in our
daily life. MOFs have been used as electrode materials for the
production of lithium ion battery to store energy. Lithium ion
batteries are produced by using an anode electrode, electrolyte
and a cathode electrode. As it is known that the lithium ion
batteries are widely used in numerous electronic devices like
cell phones, robots, computers, laptop, electric cars, etc. due to
their fantastic properties such as light weight, high energy
density and low pollution [107,108]. Recently, lithium sulfur
batteries [109] are developed and also utilized in electrical equip-
ment and aerospace systems.

The first reported MOF, [Zn4O(BTB)2](DEF)m(H2O)n

(BTB = 1,3,5-benzenetribenzoate, DEF = diethylformamide)
(MOF-177) has been applied [110] as an anode material for
storage of Li. This MOF is irreversibly decomposed to form
metallic zinc by the following reaction:

[Zn4O(BTB)2](DEF)m(H2O)n + e– + Li+ → Zn + Li2O

Another Zn-based MOF, [Zn3(HCOO)6] (HCOO = formate)
[111] can reversibly changed to lithium formate by lithiation.
This reaction is the driving force to improve the long-term
cyclability.

Zn3(HCOO)6 + 6Li+ + 6e–  3Zn + 6HCOOLi

3Zn + 3Li+ + 3e–  3LiZn

This MOF has a steady capacity of around 560 mAh g–1

at 60 mA g–1 when the voltage range is 0.005-3.0 V, up to 60
cycles. Tarascon et al. [112] reported that [FeIII(OH)0.8F0.2-
(O2CC6H4CO2)] (O2CC6H4CO2 = 1,4-benzenedicarboxylate)
(MIL-53(Fe)) can be used as a cathode material. Its reversible
capacity is 70 mA h g–1 within 1.5-3.5 V. The applications of
different MOFs are listed in Table-2.

Conclusion

Recently, metal-organic frameworks (MOFs) have become
more and more applicable in chemical industries. Although

TABLE-1 
FEW EXAMPLES OF MOFs CATALYZED REACTIONS 

MOF Reaction(s) catalyzed Ref. 
[Cd(bpy)2(NO3)2)] Cyanosilylation of aldehyde [89] 
[Co(BPB)] Oxidation of olefin [90] 
[Cu(2-pymo)2] and [Co(PhIM)2] Aerobic oxidation of olefin [91] 
[Co(sal)(H2O)(Py)3] Epoxidation of olefin [92] 
[Cu(bpy)(H2O)2(BF4)2(bpy)] Ring-opening of epoxide [93] 
[In(OH)(hippb)] Acetalization of aldehyde [94] 
[Cd3Cl6L13] Alkylation of aldehyde [95] 
ZIF-8 Cycloaddition of CO and epoxides [96] 
[Zn4O(bdc)3] and [Zn4O(ndc)3] Friedel Crafts alkylation [97] 
MIL-100(Fe) Friedel Crafts benzylation [98] 
[Pd(2-pymo)2] Oxidation of alcohol  [91] 
MIL-101(Cr) Heck coupling/Knoevenagel condensation [99] 
[Ag3(tpha)2]BF4 1,3-Dipolar cycloaddition [100] 
UiO-66 Cyclization of citronella [101] 

 

[89]
[90]
[91]
[92]
[93]
[94]
[95]
[96]
[97]
[98]
[91]
[99]

[100]
[101]
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various synthetic methods and a huge number of MOFs with
diverse arrangements of metal ions and linkers are reported,
their current applications have great attention to the researchers.
MOFs exhibit enormous applications e.g., catalysis, gas storage
and separation, adsorption, magnetism, sensors, electrical energy
storage, drug delivery systems, etc. Some of these are very
helpful to our everyday life. In this review article, various
synthetic methods of MOFs along with their applications have
been discussed. Several new applications will appear as the
research theme, which becomes progressively admired.

ACKNOWLEDGEMENTS

The author is grateful to Prof. Sudipta Dalai, Head, Depart-
ment of Chemistry and Chemical Technology, Vidyasagar
University, Midnapore, India, for his constructive suggestions.

CONFLICT OF INTEREST

The authors declare that there is no conflict of interests
regarding the publication of this article.

REFERENCES

1. H. Furukawa, K.E. Cordova, M. O’Keeffe and O.M. Yaghi, Science, 341,
1230444 (2013);
https://doi.org/10.1126/science.1230444

2. N. Stock and S. Biswas, Chem. Rev., 112, 933 (2012);
https://doi.org/10.1021/cr200304e

3. H. Li, M. Eddaoudi, M. O’Keeffe and O.M. Yaghi, Nature, 402, 276
(1999);
https://doi.org/10.1038/46248

4. G. Ferey, Chem. Soc. Rev., 37, 191 (2008);
https://doi.org/10.1039/B618320B

5. A. Dhakshinamoorthy, Z. Li and H. Garcia, Chem. Soc. Rev., 47, 8134
(2018);
https://doi.org/10.1039/C8CS00256H

6. S. Kitagawa and R. Matsuda, Coord. Chem. Rev., 251, 2490 (2007);
https://doi.org/10.1016/j.ccr.2007.07.009

7. S. Kitagawa, R. Kitaura and S.I. Noro, Angew. Chem. Int. Ed., 43,
2334 (2004);
https://doi.org/10.1002/anie.200300610

8. M. Eddaoudi, D.B. Moler, H. Li, B. Chen, T.M. Reineke, M. O’Keeffe
and O.M. Yaghi, Acc. Chem. Res., 34, 319 (2001);
https://doi.org/10.1021/ar000034b

9. J.L.C. Rowsell and O.M. Yaghi, Micropor. Mesopor. Mater., 73, 3
(2004);
https://doi.org/10.1016/j.micromeso.2004.03.034

TABLE-2 
SELECTED APPLICATIONS OF METAL-ORGANIC FRAMEWORK 

MOF Synthetic route Application Ref. 
Zr-CAU-24  Hydrothermal Detection of aflatoxin B1 [113] 
UMCM-151  Hydrothermal Adsorption of light hydrocarbons [114] 
Mn(II)-MOF  Solvothermal Adsorption of dyes [115] 
[Zn2(NDC)2(DABCO)]n  Hydrothermal CH4/CO2 gas separation [116] 
ZIF-8  Ultrasonic assisted Removal of tetracycline and oxytetracycline antibiotics [117] 
ZIF-12  Hydrothermal Rn adsorption [118] 
Ru3-NHC-MOF  Solvothermal Catalytic hydrogenation of CO2 to formic acid [119] 
[In6O3Tb3O(CBDA)3].18DMF·3H2O  Solvothermal Gas adsorption [120] 
MIL-101-NH2  Hydrothermal Catalyst for the synthesis of 3-aryl-2-oxazolidinones [121] 
Co-MB  Hydrothermal Photocatalysis for hydrogen production [122] 
ZnNi MOF@ZnO  Hydrothermal Photoelectrochemical water oxidation [123] 
Ni(Fe)-MOF  Solvothermal Electrocatalytic water oxidation [124] 
CUP-1-Ni  Hydrothermal Electrocatalytic water oxidation [125] 
MOF-808  Hydrothermal Biocatalyst [126] 
Fe2Co1 MOF-74  Hydrothermal Removal of arsenic [127] 
MIL-53(Al)-GO  Hydrothermal Removal of arsenic [128] 
UiO-68 NMOF  Hydrothermal Biocatalytic decomposition of the duplex capping units [129] 
Cu/Tb@Zn-MOF  Hydrothermal Sensor for detection of aspartic acid [130] 
[Co(NPDC)(bpee)].DMF·2H2O  Solvothermal Luminescent sensing for MnO4

– and Hg2+ [131] 
Zr-UiO-66-N2H3  Solvothermal Fluorescent sensor for phosphate and 4-nitrobenzaldehyde [132] 
UiO-66  Solvothermal Electrolyte additive for Li-metal battery [133] 
Zn-POMCF  Electrochemical Lithium-ion batteries [134] 
Li-UiO-66(MOD)  Mechanochemical Lithium sulfur battery [135] 
Cu2(CuTCPP)  Solvothermal Lithium-sulfur battery [136] 
MOF5DC  Hydrothermal Sodium-ion battery [137] 
Ni-MOF  Hydrothermal Supercapacitor [138] 
CoCuNi-bdc  Hydrothermal Supercapacitor [139] 
Co-MOF  Hydrothermal Supercapacitor [140] 
[Fe(C6N6O2)(H2O)4]  Solvothermal Proton-exchange membrane fuel cells [141] 
CD-MOF  Vapour diffusion Drug delivery [142] 
NU-1000 and NU-901  Hydrothermal Drug delivery [143] 
[Dy(HABA)(ABA)](DMA)4]  Solvothermal Drug delivery [144] 
CD-MOF-1 and CD-MOF-2  Solvothermal Drug delivery [145] 
[Gd(BCB)(DMF)](H2O)2  Solvothermal Drug delivery [146] 

 

[113]
[114]
[115]
[116]
[117]
[118]
[119]
[120]
[121]
[122]
[123]
[124]
[125]
[126]
[127]
[128]
[129]
[130]
[131]
[132]
[133]
[134]
[135]
[136]
[137]
[138]
[139]
[140]
[141]
[142]
[143]
[144]
[145]
[146]

Vol. 33, No. 2 (2021) A Review on Metal-Organic Frameworks: Synthesis and Applications  249



10. T. Yamada and H. Kitagawa, J. Am. Chem. Soc., 131, 6312 (2009);
https://doi.org/10.1021/ja809352y

11. S. Horike, S. Shimomura and S. Kitagawa, Nat. Chem., 1, 695 (2009);
https://doi.org/10.1038/nchem.444

12. J.Y. Lee, O.K. Farha, J. Roberts, K.A. Scheidt, S.B.T. Nguyen and J.T.
Hupp, Chem. Soc. Rev., 38, 1450 (2009);
https://doi.org/10.1039/b807080f

13. P. Horcajada, C. Serre, G. Maurin, N.A. Ramsahye, F. Balas, M. Vallet-regi,
M. Sebban, F. Taulelle and G. Ferey, J. Am. Chem. Soc., 130, 6774 (2008);
https://doi.org/10.1021/ja710973k

14. A. Rana, S. Kumar Jana, T. Pal, H. Puschmann, E. Zangrando and S.
Dalai, J. Solid State Chem., 216, 49 (2014);
https://doi.org/10.1016/j.jssc.2014.04.026

15. R. Babarao and J. Jiang, J. Phys. Chem. C, 113, 18287 (2009);
https://doi.org/10.1021/jp906429s

16. P. Horcajada, R. Gref, T. Baati, P.K. Allan, G. Maurin, P. Couvreur, G.
Ferey, R.E. Morris and C. Serre, Chem. Rev., 112, 1232 (2012);
https://doi.org/10.1021/cr200256v

17. J. Zhuang, C.-H. Kuo, L.-Y. Chou, D.-Y. Liu, E. Weerapana and C.-K.
Tsung, ACS Nano, 8, 2812 (2014);
https://doi.org/10.1021/nn406590q

18. N. Kerbellec, L. Catala, C. Daiguebonne, A. Gloter, O. Stephan, J.-C.
Bünzli, O. Guillou and T. Mallah, New J. Chem., 32, 584 (2008);
https://doi.org/10.1039/b719146d

19. H. Wu, W. Zhou and T. Yildirim, J. Am. Chem. Soc., 131, 4995 (2009);
https://doi.org/10.1021/ja900258t

20. D. Zacher, O. Shekhah, W. Woll and R.A. Fischer, Chem. Soc. Rev.,
38, 1418 (2009);
https://doi.org/10.1039/b805038b

21. N. Gargiulo, A. Peluso, P. Aprea, Y. Hua, D. Filipovic, D. Caputo and
M. Eic, RSC Adv., 4, 49478 (2014);
https://doi.org/10.1039/C4RA05905K

22. X. Wang, X. Liu, H. Rong, Y. Song, H. Wen and Q. Liu, RSC Adv., 7,
29611 (2017);
https://doi.org/10.1039/C7RA04374K

23. T. Ladrak, S. Smulders, O. Roubeau, S.J. Teat, P. Gamez and J. Reedijk,
Eur. J. Inorg. Chem., 2010, 3804 (2010);
https://doi.org/10.1002/ejic.201000378

24. S. Sangeetha and G. Krishnamurthy, J. Inorg. Organomet. Polym., 30,
4782 (2020);
https://doi.org/10.1007/s10904-020-01593-8

25. T.N. Tu, H.T.T. Nguyen, H.T.D. Nguyen, M.V. Nguyen, T.D. Nguyen,
N.T. Tran and K.T. Lim, RSC Adv., 9, 16784 (2019);
https://doi.org/10.1039/C9RA03287H

26. X. Liu, Y. Zhou, J. Zhang, L. Tang, L. Luo and G. Zeng, ACS Appl.
Mater. Interfaces, 9, 20255 (2017);
https://doi.org/10.1021/acsami.7b02563

27. S. Bommakanti and S.K. Das, Front. Mater., 6, 170 (2019);
https://doi.org/10.3389/fmats.2019.00170

28. Q. Zha, F. Yuan, G. Qin and Y. Ni, Inorg. Chem., 59, 1295 (2020);
https://doi.org/10.1021/acs.inorgchem.9b03011

29. S. Gao, Y. Sui, F. Wei, J. Qi, Q. Meng and Y. He, J. Mater. Sci., 53,
6807 (2018);
https://doi.org/10.1007/s10853-018-2005-1

30. I. Choi, Y.E. Jung, S.J. Yoo, J.Y. Kim, H.-J. Kim, C.Y. Lee and J.H.
Jang, J. Electrochem. Sci. Technol., 8, 61 (2017);
https://doi.org/10.33961/JECST.2017.8.1.61

31. X. Jiang, B. Yang, Q.-Q. Yang, C.-H. Tung and L.-Z. Wu, Chem.
Commun., 54, 4794 (2018);
https://doi.org/10.1039/C8CC02359J

32. M. Rashidipour, Z. Derikvand, A. Shokrollahi, Z. Mohammadpour and
A. Azadbakht, Arab. J. Chem., 10, S3167 (2017);
https://doi.org/10.1016/j.arabjc.2013.12.010

33. H. Zhang, D. Xu, J. Zhang, J. Liu, K. Yang, Y. Yue, Y. Zhang and L. Yi,
J. Inorg. Organomet. Polym., 30, 1412 (2020);
https://doi.org/10.1007/s10904-019-01353-3

34. Y. Wang, X. Zhang, Y. Zhao, S. Zhang, S. Li, L. Jia, L. Du and Q.
Zhao, Molecules, 25, 382 (2020);
https://doi.org/10.3390/molecules25020382

35. A. Erxleben, Coord. Chem. Rev., 246, 203 (2003);
https://doi.org/10.1016/S0010-8545(03)00117-6

36. T.A. Maark and S. Pal, Int. J. Hydrogen Energy, 35, 12846 (2010);
https://doi.org/10.1016/j.ijhydene.2010.08.054

37. Y.K. Lv, C.H. Zhan and Y.L. Feng, CrysEngComm, 12, 3052 (2010);
https://doi.org/10.1039/b925546j

38. L.M. Yang, P. Vajeeston, P. Ravindran, H. Fjellvag and M. Tilset, Phys.
Chem. Chem. Phys., 13, 10191 (2011);
https://doi.org/10.1039/c0cp02944k

39. A.E. Platero-Prats, M. Iglesias, N. Snejko, A. Monge and E. Gutierrez-
Puebla, Cryst. Growth Des., 11, 1750 (2011);
https://doi.org/10.1021/cg200078j

40. A.E. Platero Prats, V.A. de la Peña-O’Shea, M. Iglesias, N. Snejko,
A.E. Monge and E. Gutiérrez-Puebla, ChemCatChem, 2, 147 (2010);
https://doi.org/10.1002/cctc.200900228

41. C. Serre and G. Ferey, J. Mater. Chem., 12, 3053 (2002);
https://doi.org/10.1039/B203763G

42. C. Serre, F. Millange, J. Marrot and G. Ferey, Chem. Mater., 14, 2409
(2002);
https://doi.org/10.1021/cm0211148

43. T.M. Reineke, M. Eddaoudi, M. O’Keeffe and O.M. Yaghi, Angew.
Chem. Int. Ed., 38, 2590 (1999);
https://doi.org/10.1002/(SICI)1521-3773(19990903)38:17<2590::
AID-ANIE2590>3.0.CO;2-H

44. F. Serpaggi and G. Ferey, J. Mater. Chem., 8, 2737 (1998);
https://doi.org/10.1039/a802713g

45. F. Serpaggi and G. Ferey, Micropor. Mesopor. Mater., 32, 311 (1999);
https://doi.org/10.1016/S1387-1811(99)00120-1

46. C. Dey, T. Kundu, B.P. Biswal, A. Mallick and R. Banerjee, Acta
Crystallogr. B, 70, 3 (2014);
https://doi.org/10.1107/S2052520613029557

47. T.W. Murinzi, E. Hosten and G.M. Watkins, Polyhedron, 137, 188 (2017);
https://doi.org/10.1016/j.poly.2017.08.030

48. G.I. Dzhardimalieva, R.K. Baimuratova, E.I. Knerelman, G.I.
Davydova, S.E. Kudaibergenov, O.V. Kharissova, V.A. Zhinzhilo and
I.E. Uflyand, Polymers, 12, 1024 (2020);
https://doi.org/10.3390/polym12051024

49. F. He, N. Yang, K. Li, X. Wang, S. Cong, L. Zhang, S. Xiong and A.
Zhou, J. Mater. Res., 35, 1439 (2020);
https://doi.org/10.1557/jmr.2020.93

50. M. Ranjbar, M.A. Taher and A. Sam, J. Porous Mater., 23, 375 (2016);
https://doi.org/10.1007/s10934-015-0090-y

51. Y. Zhang, X. Bo, A. Nsabimana, C. Han, M. Li and L. Guo, J. Mater.
Chem. A Mater. Energy Sustain., 3, 732 (2015);
https://doi.org/10.1039/C4TA04411H

52. L. Shen, W. Wu, R. Liang, R. Lin and L. Wu, Nanoscale, 5, 9374 (2013);
https://doi.org/10.1039/c3nr03153e

53. Y. Liang, W.-G. Yuan, S.-F. Zhang, Z. He, J. Xue, X. Zhang, L.-H. Jing
and D.-B. Qin, Dalton Trans., 45, 1382 (2016);
https://doi.org/10.1039/C5DT03658E

54. W. Liang and D.M. D’Alessandro, Chem. Commun., 49, 3706 (2013);
https://doi.org/10.1039/c3cc40368h

55. K. Hindelang, S.I. Vagin, C. Anger and B. Rieger, Chem. Commun.,
48, 2888 (2012);
https://doi.org/10.1039/c2cc16949e

56. Y. Sun and H. Zhou, Sci. Technol. Adv. Mater., 16, 054202 (2015);
https://doi.org/10.1088/1468-6996/16/5/054202

57. N.A. Khan and S.H. Jhung, Coord. Chem. Rev., 285, 11 (2015);
https://doi.org/10.1016/j.ccr.2014.10.008

58. G. Zhu, X. Li, H. Wang and L. Zhang, Catal. Commun., 88, 5 (2017);
https://doi.org/10.1016/j.catcom.2016.09.024

59. W. Zhu, P. Liu, S. Xiao, W. Wang, D. Zhang and H. Li, Appl. Catal. B,
172-173, 46 (2015);
https://doi.org/10.1016/j.apcatb.2015.02.003

60. C.T. Pereira da Silva, B.N. Safadi, M.P. Moisés, J.G. Meneguin, P.A.
Arroyo, S.L. Fávaro, E.M. Girotto, E. Radovanovic and A.W. Rinaldi,
Mater. Lett., 182, 231 (2016);
https://doi.org/10.1016/j.matlet.2016.06.015

61. Y.K. Hwang, J.S. Chang, S.E. Park, D.S. Kim, Y.U. Kwon, S.H. Jhung,
J.S. Hwang and M.S. Park, Angew. Chem. Int. Ed., 44, 556 (2005);
https://doi.org/10.1002/anie.200461403

62. K.M.L. Taylor, W.J. Rieter and W.B. Lin, J. Am. Chem. Soc., 130, 14358 (2008);
https://doi.org/10.1021/ja803777x

250  Rana Asian J. Chem.

https://doi.org/10.1016/S0010-8545(03)00117-6
https://doi.org/10.1002/(SICI)1521-3773(19990903)38:17<2590::AID-ANIE2590>3.0.CO;2-H
https://doi.org/10.1002/(SICI)1521-3773(19990903)38:17<2590::AID-ANIE2590>3.0.CO;2-H
https://doi.org/10.1016/S1387-1811(99)00120-1


63. Y.S. Bae, K.L. Mulfort, H. Frost, P. Ryan, S. Punnathanam, L.J. Broadbelt,
J.T. Hupp and R.Q. Snurr, Langmuir, 24, 8592 (2008);
https://doi.org/10.1021/la800555x

64. U. Mueller, M. Schubert, F. Teich, H. Puetter, K. Schierle-Arndt and J.
Pastré, J. Mater. Chem., 16, 626 (2006);
https://doi.org/10.1039/B511962F

65. U. Mueller, H. Puetter, M. Hesse and H. Wessel, Method for Electro-
chemical Production of a Crystalline Porous Metal Organic Skeleton
Material, WO Patent WO/2005/049892 (2005).

66. A. Martinez Joaristi, J. Juan-Alcaniz, P. Serra-Crespo, F. Kapteijn and
J. Gascon, Cryst. Growth Des., 12, 3489 (2012);
https://doi.org/10.1021/cg300552w

67. W. Li, J. Lü, S. Gao, Q. Li and R. Cao, J. Mater. Chem. A Mater. Energy
Sustain., 2, 19473 (2014);
https://doi.org/10.1039/C4TA04203D

68. T. Alammar, I.Z. Hlova, S. Gupta, V. Balema, V.K. Pecharsky and A.-V.
Mudring, Dalton Trans., 47, 7594 (2018);
https://doi.org/10.1039/C7DT04771A

69. P.J. Beldon, L. Fabian, R.S. Stein, A. Thirumurugan, A.K. Cheetham
and T. Friscic, Angew. Chem. Int. Ed., 49, 9640 (2010);
https://doi.org/10.1002/anie.201005547

70. Z. Li, L. Qiu, T. Xu, Y. Wu, W. Wang, Z. Wu and X. Jiang, Mater. Lett.,
63, 78 (2009);
https://doi.org/10.1002/anie.201005547

71. M.Y. Masoomi, M. Bagheri and A. Morsali, Ultrason. Sonochem., 33,
54 (2016);
https://doi.org/10.1016/j.ultsonch.2016.04.013

72. S.A.A. Razavi, M.Y. Masoomi and A. Morsali, Ultrason. Sonochem.,
37, 502 (2017);
https://doi.org/10.1016/j.ultsonch.2017.02.011

73. W.W. Lestari, M. Arvinawati, R. Martien and T. Kusumaningsih, Mater.
Chem. Phys., 204, 141 (2018);
https://doi.org/10.1016/j.matchemphys.2017.10.034

74. S. Ma and H.C. Zhou, Chem. Commun., 46, 44 (2010);
https://doi.org/10.1039/B916295J

75. A.G. Wong-Foy, A.J. Matzger and O.M. Yaghi, J. Am. Chem. Soc., 128,
3494 (2006);
https://doi.org/10.1021/ja058213h

76. O.K. Farha, A. Özgür Yazaydin, I. Eryazici, C.D. Malliakas, B.G.
Hauser, M.G. Kanatzidis, S.B.T. Nguyen, R.Q. Snurr and J.T. Hupp,
Nat. Chem., 2, 944 (2010);
https://doi.org/10.1038/nchem.834

77. H. Furukawa, N. Ko, Y.B. Go, N. Aratani, S.B. Choi, E. Choi, A.O.
Yazaydin, R.Q. Snurr, M. O’Keeffe, J. Kim and O.M. Yaghi, Science,
329, 424 (2010);
https://doi.org/10.1126/science.1192160

78. X. Lin, I. Telepeni, A.J. Blake, A. Dailly, C.M. Brown, J.M. Simmons,
M. Zoppi, G.S. Walker, K.M. Thomas, T.J. Mays, P. Hubberstey, N.R.
Champness and M. Schroder, J. Am. Chem. Soc., 131, 2159 (2009);
https://doi.org/10.1021/ja806624j

79. X.-S. Wang, S. Ma, P.M. Forster, D. Yuan, J. Eckert, J.J. Lopez, B.J.
Murphy, J.B. Parise and H.-C. Zhou, Angew. Chem., 120, 7373 (2008);
https://doi.org/10.1002/ange.200802087

80. Z. Hu, B.J. Deibert and J. Li, Chem. Soc. Rev., 43, 5815 (2014);
https://doi.org/10.1039/C4CS00010B

81. D. Zhao, Y. Cui, Yu. Yang and G. Qian, CrystEngComm, 18, 3746 (2016);
https://doi.org/10.1039/C6CE00545D

82. D. Ma, B. Li, X. Zhou, Q. Zhou, K. Liu, G. Zeng, G. Li, Z. Shi and S.
Feng, Chem. Commun., 49, 8964 (2013);
https://doi.org/10.1039/c3cc44546a

83. R.F. D’Vries, S. Alvarez-Garcia, N. Snejko, L.E. Bausa, E. Gutierrez-
Puebla, A. de Andres and M.A. Monge, J. Mater. Chem. C Mater. Opt.
Electron. Devices, 1, 6316 (2013);
https://doi.org/10.1039/c3tc30858h

84. J. Hagen, Future Development of Catalysis, Industrial Catalysis, Wiley-
VCH Verlag GmbH & Co. KGaA, p. 463 (2015).

85. C. Prestipino, L. Regli, J.G. Vitillo, F. Bonino, A. Damin, C. Lamberti,
A. Zecchina, P.L. Solari, K.O. Kongshaug and S. Bordiga, Chem. Mater.,
18, 1337 (2006);
https://doi.org/10.1021/cm052191g

86. S. Hasegawa, S. Horike, R. Matsuda, S. Furukawa, K.Y. Mochizuki, Y.
Kinoshita and S. Kitagawa, J. Am. Chem. Soc., 129, 2607 (2007);
https://doi.org/10.1021/ja067374y

87. Y.K. Hwang, D.Y. Hong, J.S. Chang, H.S. Jhung, Y.K. Seo, J. Kim, A.
Vimont, M. Daturi, C. Serre and G. Férey, Angew. Chem. Int. Ed., 47,
4144 (2008);
https://doi.org/10.1002/anie.200705998

88. R.Q. Zou, H. Sakurai and Q. Xu, Angew. Chem. Int. Ed. Engl., 45,
2542 (2006);
https://doi.org/10.1002/anie.200503923

89. M. Fujita, Y.J. Kwon, S. Washizu and K. Ogura, J. Am. Chem. Soc.,
116, 1151 (1994);
https://doi.org/10.1021/ja00082a055

90. Y. Lu, M. Tonigold, B. Bredenkotter, D. Volkmer, J. Hitzbleck and G.
Langstein, Z. Anorg. Allg. Chem., 634, 2411 (2008);
https://doi.org/10.1002/zaac.200800158

91. F.X. Llabres i Xamena, O. Casanova, R.G. Tailleur, H. Garcia and A.
Corma, J. Catal., 255, 220 (2008);
https://doi.org/10.1016/j.jcat.2008.02.011

92. A. Pramanik, S. Abbina and G. Das, Polyhedron, 26, 5225 (2007);
https://doi.org/10.1016/j.poly.2007.07.033

93. D. Jiang, T. Mallat, F. Krumeich and A. Baiker, J. Catal., 257, 390
(2008);
https://doi.org/10.1016/j.jcat.2008.05.021

94. F. Gandara, B. Gomez-Lor, E. Gutierrez-Puebla, M. Iglesias, M.A.
Monge, D.M. Proserpio and N. Snejko, Chem. Mater., 20, 72 (2008);
https://doi.org/10.1021/cm071079a

95. C.D. Wu, A. Hu, L. Zhang and W. Lin, J. Am. Chem. Soc., 127, 8940
(2005);
https://doi.org/10.1021/ja052431t

96. C.M. Miralda, E.E. Macias, M. Zhu, P. Ratnasamy and M.A. Carreon,
ACS Catal., 2, 180 (2012);
https://doi.org/10.1021/cs200638h

97. U. Ravon, M.E. Domine, C. Gaudillere, A. Desmartin-Chomel and D.
Farrusseng, New J. Chem., 32, 937 (2008);
https://doi.org/10.1039/b803953b

98. P. Horcajada, S. Surble, C. Serre, D.Y. Hong, Y.K. Seo, J.S. Chang,
J.M. Greneche, I. Margiolaki and G. Férey, Chem. Commun., 2820
(2007);
https://doi.org/10.1039/B704325B

99. A. Henschel, K. Gedrich, R. Kraehnert and S. Kaskel, Chem. Commun.,
4192 (2008);
https://doi.org/10.1039/b718371b

100. X. Jing, C. He, D. Dong, L. Yang and C. Duan, Angew. Chem. Int. Ed.,
51, 10127 (2012);
https://doi.org/10.1002/anie.201204530

101. F. Vermoortele, B. Bueken, G. Le Bars, B. Van de Voorde, M. Vandichel,
K. Houthoofd, A. Vimont, M. Daturi, M. Waroquier, V. Van Speybroeck,
C. Kirschhock and D.E. De Vos, J. Am. Chem. Soc., 135, 11465 (2013);
https://doi.org/10.1021/ja405078u

102. S. Keskin and S. Kizilel, Ind. Eng. Chem. Res., 50, 1799 (2011);
https://doi.org/10.1021/ie101312k

103. A.C. McKinlay, R.E. Morris, P. Horcajada, G. Férey, R. Gref, P.
Couvreur and C. Serre, Angew. Chem. Int. Ed., 49, 6260 (2010);
https://doi.org/10.1002/anie.201000048

104. P. Horcajada, C. Serre, M. Vallet-regi, M. Sebban, F. Taulelle and G.
Ferey, Angew. Chem. Int. Ed., 45, 5974 (2006);
https://doi.org/10.1002/anie.200601878

105. K.M.L. Taylor-Pashow, J. Della Rocca, Z. Xie, S. Tran and W. Lin, J.
Am. Chem. Soc., 131, 14261 (2009);
https://doi.org/10.1021/ja906198y

106. F. Ke, Y.P. Yuan, L.G. Qiu, Y.H. Shen, A.J. Xie, J.F. Zhu, X.Y. Tian and
L.D. Zhang, J. Mater. Chem., 21, 3843 (2011);
https://doi.org/10.1039/c0jm01770a

107. G. Xu, P. Nie, H. Dou, B. Ding, L. Li and X. Zhang, Mater. Today, 20,
191 (2017);
https://doi.org/10.1016/j.mattod.2016.10.003

108. P.G. Bruce, S.A. Freunberger, L.J. Hardwick and J.M. Tarascon, Nat.
Mater., 11, 19 (2012);
https://doi.org/10.1038/nmat3191

Vol. 33, No. 2 (2021) A Review on Metal-Organic Frameworks: Synthesis and Applications  251



109. J.P. Zhu, X.H. Wang and X.X. Zuo, R. Soc. Open Sci., 6, 190634 (2019);
https://doi.org/10.1098/rsos.190634

110. X. Li, F. Cheng, S. Zhang and J. Chen, J. Power Sources, 160, 542
(2006);
https://doi.org/10.1016/j.jpowsour.2006.01.015

111. K. Saravanan, M. Nagarathinam, P. Balaya and J.J. Vittal, J. Mater.
Chem., 20, 8329 (2010);
https://doi.org/10.1039/c0jm01671c

112. G. Ferey, F. Millange, N. Morcrette, C. Serre, M.L. Doublet, J.M.
Greneche and J.M. Tarascon, Angew. Chem. Int. Ed., 46, 3259 (2007);
https://doi.org/10.1002/anie.200605163

113. Z. Li, X. Xu, Y. Fu, Y. Guo, Q. Zhang, Q. Zhang and Y. Li, RSC Adv., 9,
620 (2019);
https://doi.org/10.1002/anie.200605163

114. Y. Wang, X. Wang, X. Wang, X. Zhang, W. Fan, D. Liu, L. Zhang, F.
Dai and D. Sun, Cryst. Growth Des., 19, 832 (2019);
https://doi.org/10.1021/acs.cgd.8b01403

115. J. Liu, X.Y. Zhang, J.X. Hou, J.M. Liu, X. Jing, L.J. Li and J.L. Du, J.
Solid State Chem., 270, 697 (2019);
https://doi.org/10.1016/j.jssc.2018.12.039

116. L. Huelsenbeck, K. Westendorff, Y. Gu, S. Marino, S. Jung, W. Epling
and G. Giri, Crystals, 9, 20 (2018);
https://doi.org/10.3390/cryst9010020

117. N. Li, L. Zhou, X. Jin, G. Owens and Z. Chen, J. Hazard. Mater., 366,
563 (2019);
https://doi.org/10.1016/j.jhazmat.2018.12.047

118. X. Zeng, F. Chen and D. Cao, J. Hazard. Mater., 366, 624 (2019);
https://doi.org/10.1016/j.jhazmat.2018.12.042

119. C. Wu, F. Irshad, M. Luo, Y. Zhao, X. Ma and S. Wang, ChemCatChem,
11, 1256 (2019);
https://doi.org/10.1002/cctc.201801701

120. D. Wang, Z. Liu, L. Xu, C. Li, D. Zhao, G. Ge, Z. Wang and J. Lin,
Dalton Trans., 48, 278 (2019);
https://doi.org/10.1039/C8DT03826K

121. S. Chong, T. Wang, L. Cheng, H. Lv and M. Ji, Langmuir, 35, 495 (2019);
https://doi.org/10.1021/acs.langmuir.8b03153

122. Y. Liu, F. Zhang, P. Wu, C. Deng, Q. Yang, J. Xue, Y. Shi and J. Wang,
Inorg. Chem., 58, 924 (2019);
https://doi.org/10.1021/acs.inorgchem.8b03046

123. Z. Peng, S.C. Abbas, J. Lv, R. Yang, M. Wu and Y. Wang, Int. J.
Hydrogen Energy, 44, 2446 (2019);
https://doi.org/10.1016/j.ijhydene.2018.12.064

124. C. Cao, D.D. Ma, Q. Xu, X.T. Wu and Q.L. Zhu, Adv. Funct. Mater.,
180, 7418 (2018);
https://doi.org/10.1002/adfm.201807418

125. L. Yan, H. Jiang, Y. Wang, L. Li, X. Gu, P. Dai, D. Liu, S.-F. Tang, G.
Zhao, X. Zhao and K.M. Thomas, Electrochim. Acta, 297, 755 (2019);
https://doi.org/10.1016/j.electacta.2018.12.020

126. J. Baek, B. Rungtaweevoranit, X. Pei, M. Park, S.C. Fakra, Y.-S. Liu,
R. Matheu, S.A. Alshmimri, S. Alshehri, C.A. Trickett, G.A. Somorjai
and O.M. Yaghi, J. Am. Chem. Soc., 140, 18208 (2018);
https://doi.org/10.1021/jacs.8b11525

127. J. Sun, X. Zhang, A. Zhang and C. Liao, J. Environ. Sci., 80, 197 (2019);
https://doi.org/10.1016/j.jes.2018.12.013

128. T. Chowdhury, L. Zhang, J. Zhang and S. Aggarwal, Nanomaterials,
8, 1062 (2018);
https://doi.org/10.3390/nano8121062

129. W.H. Chen, G.F. Luo, Y.S. Sohn, R. Nechushtai and I. Willner, Adv.
Funct. Mater., 29, 1805341 (2019);
https://doi.org/10.1002/adfm.201805341

130. G. Ji, T. Zheng, X. Gao and Z. Liu, Sens. Actuators B Chem., 284, 91
(2019);
https://doi.org/10.1016/j.snb.2018.12.114

131. F. Li, Y.S. Hong, K.X. Zuo, Q. Sun and E.Q. Gao, J. Solid State Chem.,
270, 509 (2019);
https://doi.org/10.1016/j.jssc.2018.12.025

132. A. Das, S. Das, V. Trivedi and S. Biswas, Dalton Trans., 48, 1332
(2019);
https://doi.org/10.1039/C8DT03964J

133. F. Chu, J. Hu, C. Wu, Z. Yao, J. Tian, Z. Li and C. Li, ACS Appl. Mater.
Interfaces, 11, 3869 (2019);
https://doi.org/10.1021/acsami.8b17924

134. X. Yang, P. Zhu, J. Ren, Y. Chen, X. Li, J. Sha and J. Jiang, Chem.
Commun., 55, 1201 (2019);
https://doi.org/10.1039/C8CC08559E

135. A.E. Baumann, D.A. Burns, J.C. Diaz and V.S. Thoi, ACS Appl. Mater.
Interfaces, 11, 2159 (2019);
https://doi.org/10.1021/acsami.8b19034

136. J.P. Rouse, S.D. Garvey, B. Cárdenas and T.R. Davenne, Energy Storage
Mater, 20, 1 (2018);
https://doi.org/10.1016/j.est.2018.08.006

137. N. Ingersoll, Z. Karimi, D. Patel, R. Underwood and R. Warren,
Electrochim. Acta, 297, 129 (2019);
https://doi.org/10.1016/j.electacta.2018.11.140

138. Y. Jiao, W. Hong, P. Li, L. Wang and G. Chen, Appl. Catal. B, 244, 732
(2019);
https://doi.org/10.1016/j.apcatb.2018.11.035

139. N.K. Mohd Zain, B.L. Vijayan, I.I. Misnon, S. Das, C. Karuppiah, C.-
C. Yang, M.M. Yusoff and R. Jose, Ind. Eng. Chem. Res., 58, 665 (2019);
https://doi.org/10.1021/acs.iecr.8b03898

140. W. Xuan, R. Ramachandran, C. Zhao and F. Wang, 2018 IEEE Inter-
national Conference on Manipulation, Manufacturing and Measurement
on the Nanoscale (3M-NANO), Hangzhou, p. 42 (2018);
https://doi.org/10.1109/3M-NANO.2018.8552216

141. H. Bunzen, A. Javed, D. Klawinski, A. Lamp, M. Grzywa, A. Kalytta-
Mewes, M. Tiemann, H.-A.K. von Nidda, T. Wagner and D. Volkmer,
ACS Appl. Nano Mater., 2, 291 (2019);
https://doi.org/10.1021/acsanm.8b01902

142. H. Li, N. Lv, X. Li, B. Liu, J. Feng, X. Ren, T. Guo, D. Chen, J. Fraser
Stoddart, R. Gref and J. Zhang, Nanoscale, 9, 7454 (2017);
https://doi.org/10.1039/C6NR07593B

143. M.H. Teplensky, M. Fantham, P. Li, T.C. Wang, J.P. Mehta, L.J. Young,
P.Z. Moghadam, J.T. Hupp, O.K. Farha, C.F. Kaminski and D. Fairen-
Jimenez, J. Am. Chem. Soc., 139, 7522 (2017);
https://doi.org/10.1021/jacs.7b01451

144. Y. Guo, B. Yan, Y. Cheng and L. Mu, J. Coord. Chem., 72, 262 (2019);
https://doi.org/10.1080/00958972.2018.1546850

145. J. Liu, T.-Y. Bao, X.-Y. Yang, P.-P. Zhu, L.-H. Wu, J.-Q. Sha, L. Zhang,
L.-Z. Dong, X.-L. Cao and Y.-Q. Lan, Chem. Commun., 53, 7804 (2017);
https://doi.org/10.1039/C7CC03673F

146. E. Kumaran and W.K. Leong, J. Cluster Sci., 30, 1 (2019);
https://doi.org/10.1007/s10876-018-1469-0

252  Rana Asian J. Chem.


