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ARTICLE INFO ABSTRACT

Keywords: Biogas and natural gas are potential renewable energy sources. They primarily contain CHy, Hg, CO2, CO, C2Hp,
MOF'bafed adsorbents C3Hg, HpS, Ny and moisture. To be used as fuel, raw biogas and natural gas require upgrading to enrich the CH4
Synthetic methods content (>97 %). The development of a practical technique to effectively trap gas molecules in a limited space for

Biogas and natural gas upgrading
Adsorption and storage
Storage mechanism

a variety of uses has been acknowledged as a major technical difficulty. Among the various practical enrichment
processes, the adsorption-based method is particularly attractive for upgrading because of its ease of use and
economy. A new family of versatile porous solid-state materials, metal-organic frameworks (MOFs), possess
controllable structures, tunable thickness and pore size, chemically adjustable architectures, vast surface areas,
and favorable mechanical flexibility. Therefore, MOF-based adsorbents can play an exceptional role in the
adsorption of gas molecules like CO3, CH4, Ha, and CoHgz for gaseous fuel uptake and eliminating greenhouse
gases from the atmosphere. The mechanism of gaseous molecule adsorption/separation using MOF materials was
critically evaluated. Fluorinated MOFs, such as ZIF-8, ZIF-67, UiO-66, and nanosheets (2D MOFs), are considered
potential adsorbents for moisture-stable, cost-effective, and efficient biogas and natural gas adsorption. More-
over, the prospects and further research ought to concentrate on comprehending the dynamics of gas adsorption
and desorption in massive columns loaded with MOFs, effectively packing MOF particles, cost-effective
manufacturing, and enhancing the reusable nature of MOFs. The comprehensive review provides an in-depth
understanding of MOFs by focusing on the most recent advancements in gas storage and adsorption.

1. Introduction contributed to the enhancement of global energy demand. Currently,
fossil fuels cover 80 % of the global energy requirements, which leads to

Modern society has witnessed significant improvement in living the emission of hazardous gases, such as NOy, SOy, CO, H,S, and NH3,
standards owing to technological advancements, which have and deteriorates the states of the global ecosystem and human health

Abbreviations: ANG, adsorbed natural gas; AMX, amoxicillin; BET, Brunauer-Emmett-Teller; BTC, 1,3,5-benzene tricarboxylic acid; CB, carbon black; CNG,
compressed natural gas; DMF, dimethylformamide; DOE, U.S. Department of Energy; FTO, fluorine-doped tin oxide; GCMC, grand canonical Monte Carlo; GHG,
greenhouse gas; HKUST, Hong Kong University of Science and Technology; IRMOF, isoreticular metal-organic framework; LCD, largest cavity diameter; LNG, lig-
uefied natural gas; MEM, maximum entropy method; MOF, metal-organic frameworks; MW, microwave; OMS, open metal site; rGO, reduced graphene oxide; STP,
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[1,2]. Consequently, efficient detection and replacement of these
chemicals from bio-based sources is crucial for preserving the ecosystem
and human health. The use of renewable energy sources as a sustainable
alternative to conventional fossil fuels is being investigated by re-
searchers throughout the world [3]. One of the crucial renewable energy
sources is biogas and bio-Hy produced from waste lignocellulosic
biomass, food waste, organic waste, animal waste, and sewage sludge
[4,5]. Biogas is similar to natural gases, which is composed of CO5
(25-50 %), CH4 (50-75 %), N3 (0-10 %), HzS (0-3 %), H3 (0-1 %), and a
trace amount of other gases that significantly affect the reduction of
greenhouse gases (GHGs) [6,7].

Biogas is produced through the anaerobic fermentation of organic
waste materials and has numerous advantages, such as cost-
effectiveness, ease of handling, and high flexibility during commercial
scale-up [8,9]. The United Kingdom and Germany produce 60 % of
biogas from landfills and install several industrial plants to upgrade
biogas for smooth injection into their natural gas supply [10]. The
amount of biogas supplied by the global energy sector is currently
10-14 % and is expected to increase to 25 % within the next few years
[7,11]. CHy is the predominant component of natural gas, along with C2
+ hydrocarbons, HzS, CO2, N3, HyO, and other gases [12]. The CH4
content in biogas and natural gas must be enriched to a minimum of 97
% to optimize its burning capacity and flammability limit for use as a
valuable energy source [13]. Various methods for gas enrichment, such
as absorption, pressure swing adsorption, porous material adsorption,
chemical adsorption, water scrubbing, membrane-based separation, and
cryogenic recovery, have been reported [7,14,15].

Absorption, chemical adsorption, cryogenic, and membrane pro-
cesses encounter challenges such as chemical prerequisites, high pres-
sures, elevated temperatures, and multistage procedures. Using solid-
state porous materials has been demonstrated to be a successful strat-
egy for separating and enriching desired gases through adsorption.
Adsorption can separate the desired gas through adhesion or bonding to
specific components in a mixture over a microporous solid matrix with a
high surface area/mass. Subsequently, the adsorbent and gas are
recovered through desorption at low pressure [16]. However, the syn-
thesis of ultrahigh porosity adsorbing materials with a balanced volu-
metric and gravimetric surface area is a significant challenge for
successful onboard storage of Hy and CHy4 [15]. MOFs are coordination
polymers with highly ordered crystalline porous materials obtained
from metal clusters or ions combined with organic groups as linkers
(ligands) [17]. In the history of MOF development, Hofmann and Kiis-
pert [18] were the first to describe a network of coordination connected
by cyanide groups of 2D layers linked by cyanide ions, using the formula
Ni(CN)2(NH3)-C¢Hg, known as Hofmann clathrate. Rayner and Powell
later verified the crystal structure of the coordinate network [19]. In
2002, a group of Zn dicarboxylates gained popularity because of the
concept of isoreticular chemistry [20] to manipulate the porous struc-
ture design and functionality of MOF-5. In 2002, imidazolate-based
compounds were introduced to the category of MOFs and are now
referred to as zeolitic imidazole frameworks (ZIFs) [21].

Because MOFs have outstanding structural properties, research on
their industrial and technological applications has increased dramati-
cally over the past two decades. One representative field is in traditional
gas capture and separation techniques, such as CO; absorption [22], Hy
gas attraction [23], NH3 capture [24], and effective CO, and CHy sep-
aration [25]. A physisorption mechanism controlled by thermodynamic
equilibrium typically governs gas removal through the adsorption pro-
cess on porous materials. In this method, gases are reversibly adsorbed
over nanopores at higher densities compared to the bulk densities [26].
The controlling mechanisms, such as equilibrium, kinetic, and steric, are
essential components of creating functional MOFs for gas separation and
selectivity, which are the most important factors in addition to the
surface area, stability, and heat of adsorption. The thermodynamic
component is one of the most significant variables influencing the dy-
namic structural alterations of some flexible MOFs to improve materials
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for guest sorption and other uses [27,28]. Rosen et al., showed the
structural deformation of ZIF-8 by evaluating changes in thermody-
namic data during CO, molecule adsorption [29]. A successful structure-
deformation-thermodynamic-energy-modulation method was demon-
strated to allow flexible MOF for selective adsorption of guest molecules
[301.

Using lanthanide MOFs, aqueous-phase differentiation, and specia-
tion between Fe(III) and ferrous Fe(II), researchers have demonstrated
excellent detection sensitivities, rapid reaction times, and appropriate
detection limits [31]. In addition, studies on the specific sensing and
detection of Fe(III) [32], ciprofloxacin [33], and Cr(VI) [34] in water
and acetone [35] and p-nitrophenol [36] have been reported. These
studies demonstrate the extraordinary abilities of MOF-based sensing
devices. A pressure-assisted sintering technique can produce macro-
porous MOF monoliths for industrial-scale applications, offering a
platform for exploring gas—solid interactions [37]. Because of their steric
and electronic tunability at the molecular level, MOFs may provide
special prospects in selective gas adsorption and storage [38]. Chen
et al., reported a simulation-inspired fabrication of an ultra-porous MOF
(NU-1501-Al/Fe), a trinuclear cluster of metals that exhibit 7310 m2/g
of gravimetric surface area and 2060 m?/cm® of volumetric area [15].
However, conventional MOFs suffer from structural instability, aggre-
gation, restacking phenomenon, and poor electrical conductivity [39].
Moreover, because of different topologies and compositions, manipu-
lating and comprehending both compositional [40] and structural
complexity is a synthetic problem in the field [41]. Additionally, poor
selectivity and inefficient adsorption capability are shown by MOFs for
gas molecules with low and comparable polarizabilities, such as CH4/Kr
or N2/02 [42].

This review mainly focuses on critically analyzing recent de-
velopments in MOF-based materials, including the ongoing develop-
ment of various synthesis techniques and exceptional effectiveness in
gaseous fuel storage and adsorption. A comprehensive summary of
recent representative progress in MOFs’ utilization in gas storage and
their storage mechanisms, influencing parameters, and upgradation
strategies have been analyzed. The challenges and potential directions
for future work in the vital field of MOF-derived adsorbents are dis-
cussed. This review provides direction and motivation for future
research on high-performance biogas and natural gas storage and energy
applications using MOF-based adsorbents.

2. Synthesis strategies of MOFs

Depending on the type of energy or source and the synthesis process,
the fabricated MOFs have different characteristics and properties [17].
The main characteristics of the synthesized MOFs, such as particle size,
distribution size, and morphology, determine their application or use-
fulness [43]. The porosity of the synthesized MOFs depends on the kind
of heat energy produced during manufacturing and the heat source used
[44,45]. The time, temperature, and pressure during the synthesis pro-
cess, as well as the compositional factors, affect the types of MOFs
produced (linker substituent, pH, metal ion concentration, and solvent)
[46]. In addition, metal salts, ligands, and solvents can be used to syn-
thesize MOFs. The various MOF synthesis methods are illustrated in
Fig. 1.

2.1. Electrochemical synthesis

The electrochemical procedure is a promising and ecologically
friendly technique for synthesizing MOFs with numerous advantages
over other methodologies (such as shorter and milder synthesis condi-
tions) [48]. Both indirect and direct methods can be used to produce and
place MOFs on a substrate. Ideal MOFs are produced by direct electro-
chemical synthesis using an electrochemical process occurring on the
surface of an electrode, such as reductive electrochemical synthesis or
anodic dissolution [49]. This direct technique controls the synthesis of
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Fig. 1. Various MOFs synthesis techniques. The time and temperature of MOFs synthesized using different methods are shown (Reprinted (adapted) from [47]).
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Fig. 2. Schematic of electrochemical synthesis methods of MOFs following (A) anodic dissolution, (B) reductive electrosynthesis, (C) bipolar electrosynthesis, (D)
electrophoretic deposition, and (E) galvanic displacement (Reprinted (adapted) from [62] with copyright permission from Elsevier with License Number
5507940921270).
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the MOFs, enabling real-time electrochemical tuning. The electro-
chemical response is one of the steps involved in synthesizing MOFs
using indirect methods, such as self-templating, electrophoretic depo-
sition, and galvanic displacement.

Mueller et al., developed the electrochemical synthesis technique for
MOFs, known as anodic or anodic disintegration [50]. This technique
involves the addition of metal ions through electrochemical reactions
rather than through a solution of metal salts. The metal ion, via anodic
dissolution, is oxidized and released into a mixture of an organic linker
and sustaining electrolytes as a metal ion source when an electric cur-
rent is applied. The dissolved metal ions immediately respond to the
organic linker, and a MOF formation takes place close to the electrode’s
surface [51]. Fig. 2 (A) shows a schematic of the anodic dissolution
technique. The interaction of metal ions with organic binders in the
solution near the electrode surface produces a thin MOF coating. In
contrast to other synthesis methods, MOF formation associated with the
metal precursor can be avoided because no salt is used in anodic
dissolution [52]. Additionally, altering the electrochemical conditions
allows the metal to exist in various oxidation states, allowing control
over the MOF characteristics. Jiao et al., reported the properties of Hong
Kong University of Science and Technology (HKUST)-1 prepared
through anoxic dissolution [53]. They applied the oxidation potential
method to dissolution.

Reductive deprotonation is a relatively recent electrosynthesis
method for down-producing MOFs on conductive substrates. This
method uses an electrical technique to increase pH and deprotonate the
linker. In contrast to the anodic dissolution approach, this method relies
on the electrolytic production of an agent known as the “probase,” such
as a nitrate (NO3) or perchlorate (ClOy) ion, at the cathode surface
(Fig. 2 (B)). An MOF-5 thin sheet was developed on a fluorine-doped tin
oxide electrode using this technique [54]. The bipolar electrosynthesis
technique for electrodeposition involves simultaneous anodic and
cathodic reactions, placing the conducting substrate under a small
amount of electrolyte at a specific angle. A conductive item is polarized
between its two sides (anodic and cathodic sides), allowing various
redox reactions to occur [55]. In one study, site-selective bipolar elec-
trosynthesis was used for electrodeposition of the ZIF and HKUST
structures onto Zn wire [56]. The potential gradient that produced the
ionic metals was the deposition site of the MOF layer on the hemisphere
of the conductive object. Zinc ions were produced on the Zn surface
wires. Then, the organic linker 2-methylimidazole chemically interacted
with the metal ions (Fig. 2 (C)). A novel family of MOFs was made using
single organic crystals that transmit through bipolar electrodes [57].

Electrophoretic deposition uses a strong electric field to apply
charged granular particles to a surface (e.g., conductive glass electrodes,
metallic substrates, and glassy carbon) to synthesize MOF film [58,59]
(Fig. 2 D). Among the numerous well-known MOF thin sheets synthe-
sized, Hod et al., were the first to use electrophoretic coatings (ZIF-8,
UiO-66, HKUST-1, and NU-1000) [60]. Ameloot et al., developed the
technique of growing HKUST-1 cells on glass [61]. To prepare HKUST-1,
spin-coating was used to apply a BTC ligand and AgNOs solution to a Cu-
based glass electrode at 808 °C. Accordingly, Cu(Il) ions were freed, and
Ag(1) ions were reduced (Fig. 2(E)).

2.2. Mechanochemical synthesis

Mechanochemistry considers the effects of mechanical forces on
chemical reactions and structural alterations [63]. In mechanochemical
production, the initial mechanical dissociation of intramolecular in-
teractions occurs before chemical transformation [28]. Several in-
dustries, such as the pharmaceutical, mining, manufacturing, and
building sectors, use mechanochemical technologies [64]. This synthesis
technique accelerates chemical responses by grinding solids or milling
starting materials with little to no solvent (or even without any solvent).
The liquid coordination phase procedure involves dissolving organic
ligands and metal salts in appropriate liquids and is typically the basis
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for synthesizing MOFs. Mechanical forces form connections between
molecules when the substrates are ground in a mortar or ball mill. In
addition, MOFs can be produced using a minimal quantity of solvent
because of their mechanochemical properties (Fig. 3). For example, the
ball-milling process does not require any solvent or, at the very least,
only a small amount. Thus, problems with solvents (such as lack of
solubility in organic linkers or metal salts) and creating a significant
amount of trash can be avoided during mechanochemical synthesis [65].

Pichon et al., were the first to synthesize MOFs using a mechano-
chemical process [66]. A Cu(Il) isonicotinate MOF, Cu(INA), (INA =
isonicotinate) was prepared by grinding a dry mixture of Cu acetate (Cu
(CH3COO)3), and isonicotinic acid (C¢HsNO3). The reaction yields
byproducts of acetic acid and water, partly clogging the pores. An
increased temperature (150 °C) and a lengthy response period (48 h) are
necessary for Cu(INA), synthesis using conventional solvothermal
methods. However, a mechanochemical process using a similar com-
posite may produce a large output in only 10 min without the use of
chemicals at room temperature. This study showed that quick, easy, and
cost-effective  synthesis of MOFs can be achieved through
mechanochemistry.

2.3. Sonochemical synthesis

Sonochemical synthesis (a combination of the terms “sono” and
“chemical”) is a process in which heat is generated from ultrasound,
which, in turn, triggers the response mechanisms of the chemicals. The
production of organic metal crystals through sonochemical MOF syn-
thesis is an effective and environmentally benign process. The prepa-
ration of small samples in the laboratory to complete the commercial
manufacturing of MOFs can be linearly scaled up using ultrasound
(Fig. 4 (A)). In this novel approach, a Pyrex reactor in a moldable horn
with a sonicator bar and variable power output is equipped with a
substrate-solution mixture to obtain a specific MOF structure without
external cooling. Acoustic cavitation occurs during the process, leading
to the formation of droplets (gas bubbles). These bubbles enlarge (by a
few thousand micrometers) under varying pressures owing to the
diffusion of solute vapor into the surrounding area, resulting in the
build-up of acoustic energy. Subsequently, acoustic cavitation leads to
the formation and decay of bubbles after sonication, resulting in 5000 K
and 1000 bar of temperature and pressure, respectively [67]. Acoustic
cavitation causes changes in the temperature at heating rates > 1010 K/s
to form delicate crystallites [68]. This technique has the advantages of a
shorter crystallization period and smaller particle size owing to uniform
and faster nucleation [67].

2.4. Microwave-assisted synthesis

Despite microwave (MW) heating being a fast and uniform method,
providing precise control over the irradiation power or temperature
gradient within the reaction vessel is challenging, potentially affecting
MOF quality or reproducibility during mass synthesis [51,70]. Pro-
longed reaction times at high temperatures are the main issues in MOF
synthesis using conventional processes. During the synthesis of MOF-
808, seven days of heat treatment (100 °C) is required [71]. Reducing
the heating time is crucial for retaining the MOF yield, topology, and
properties while bridging the gaps between academia and industry. One
solution that addresses this issue is MW-assisted synthesis. In MW-
assisted synthesis, the energy derived from MW radiation in a mixture
of solid or liquid states activates electromagnetic radiation and mobile
electric charge coupling. The orientation of polar molecules in a solution
change over time in an oscillating electromagnetic field. Thus, by using a
suitable frequency, collisions occur between the molecules, increasing
the kinetic energy and, consequently, the system’s temperature. This
synthesis process is an excellent example of an energy-efficient heating
approach because of its high reaction speed, short reaction time, and
direct reactant-radiation interaction [72]. MW-assisted heating is an
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Fig. 3. Standard mechanochemical processing stages for a solid-state displacement reaction that yields nanoparticles: (A) a milling receptacle is filled with milling
balls and dry raw reactant ingredients; (B) a nanocomposite of the reactants is created during ball milling owing to the repeated fracture and welding of raw
materials; (C) a reactive nanocomposite is mechanically energized, triggering a chemical process that develops nanoparticles in a solid matrix (Reprinted (adapted)
from [259] with permission from Springer, License Number 5671680749013); (D) if required, a post-milling heat treatment is performed to complete the chemical
reaction or to regulate the size, shape, or crystallinity of the nanoparticles; and (E) the matrix layer of soluble byproducts is eliminated. (F) The resultant produced

nanoparticles (Figs. A, B, D, E, and F are Reprinted (adapted) from [69]).
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5,510,050,759,057 (Fig. 4 D).

energy-efficient approach for heating a solution or performing a reaction
because radiation comes into direct contact with the substance. Thus,
high heating speeds and uniform heating across samples are feasible.
Other advantages of this technique include rapid crystallization, phase
selectivity [73], narrow particle size distribution [74], and ease of
morphology control [75]. Fe-MIL-53 [76], Fe-MIL-101-NH; [77], iso-
reticular MOF (IRMOF)-3 (H,BDC-NHy) [78], and ZIF-8 (HMelm) [79]
were synthesized via MW-assisted synthesis. Fig. 4 (B) shows different
approaches to the MW-based fabrication of the MOFs.

Numerous investigations have been conducted up to this point to
determine how the structure of MOFs is affected by the MW-assisted
synthesis technique. The impact of concentration on the textural quali-
ties of HKUST-1 was examined through experiments involving temper-
ature, reaction time, MW power, and starting materials [80]. As per their
assertion, the reaction mixture containing copper nitrate trihydrate
dissolved in trimesic acid, dimethylformamide, ethanol, and HO at 360
W for 10 min was accompanied by a specific surface area (SSA) of 1863
mz/g of resulting HKUST-1. The production of (Na, Cd)-MOF was ach-
ieved by MW heating, containing open metal sites (Na(l) ions) in the
framework structure [81]. The total synthesis time was decreased to 1 h
from 5 days compared to the conventional synthesis process with
improved volumetric CO, adsorption capability (5.2 mmol/cm® at 25 °C
and 1 bar), better selectivity (over Ny) and stability (even at 95 %

humidity). Furthermore, it retained the CO5 adsorption capability after
15 cycles, which is an essential characteristic, particularly in the case of
industrial utilization.

2.5. Solvothermal synthesis

Solvothermal synthesis is a commonly and extensively used
approach for producing MOF-based nanomaterials. In general, this
method requires no complicated techniques or expensive tools. Most
often, during solvothermal synthesis, solvents other than water are used,
leading to a subsequent increase in pressure and high temperatures
(depending on the desired MOF structure, usually 100-120 °C) [82]. The
dissolved chemicals are continuously combined in a Teflon-lined reactor
or a sealed bottle. After the reaction is over, the mixture is cooled to
room temperature and washed with water several times, followed by
vacuum drying and cleaning the product with anhydrous ethanol at a
predetermined temperature to obtain pure MOFs (Fig. 4 (C)).[83]. The
solvent selection is an essential consideration. The typical high-boiling
organic solvents used during the synthesis include dimethylformamide
(DMF), acetonitrile, methanol, and ethanol. Using a template, such as
organic amines or alkylammonium cations, can facilitate the required
shape for a structure. However, these templates often block pores.

The solvothermal synthesis process is fast and requires simple
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equipment, which can be suitable for reactants that are insoluble at or
below room temperature. MOFs with kinetically inert ions require
higher reaction temperatures to form crystals and achieve suitable re-
action rates. By altering the conditions, crystal growth with the nucle-
ation rate can be regulated during MOF synthesis [84]. To obtain a
transparent crystal, the concentration of critical nucleation must be
greater than the concentration of the reactant, which can be done by
altering the reaction conditions or by letting the solvent evaporate. The
responding temperature gradient and the effects of solution layering,
reactant solution evaporation, and sluggish reactant diffusion on the
temperature gradient aid the development of MOFs. Dense-structure
MOFs are produced by changing the reaction temperature. Xu et al.,
synthesized many Cu-TCPP nanosheets with a thickness of 15 nm using
solvothermal synthesis [85]. MOFs prepared through solvothermal
synthesis include MOF-177, ZIP-8, MOF-5, and MOF-74 [86]. Long re-
action duration during solvothermal synthesis was associated with un-
favorable effects, such as the loss of crystallization and the weakening of
pores [87].

2.6. Ionothermal synthesis

Ionic liquids or eutectic mixtures are used concurrently in the ion-
othermal synthesis of MOFs as solvents and potential templates or
structure-directing agents in the formation of solids (Fig. 4 (D)). They
are fluids at room temperature (<100 °C) and essentially contain only
ions [88]. The most appealing characteristic of ionic liquids is their
extremely low vapor pressures. This makes them safer than solvothermal
methods that generate high vapor pressures [88]. Ionic liquids also
possess qualities that are useful for chemical synthesis, including
cyclability, good modifiability, and excellent thermal stability. For
example, HUSK-1 has been prepared using choline chloride/DMF sol-
vents [86]. Another intriguing aspect is that, in addition to serving as
solvents, these ionic liquids can function as structural-directing agents
[89]. The benefits and drawbacks of these synthetic techniques are listed
in Table 1.

3. Applications of MOFs for biogas and natural gas storage and
its mechanisms

Gas molecules are adsorbed on MOFs and MOF-based materials
because of their porosity and increased surface area. Consequently, they
can store gaseous fuels, such as Hy, CHy, and CyHp, and capture GHGs
and other toxic gases, such as COy and CO, from biogas and the
atmosphere.

3.1. Bio-Hy/H; storage

With the depletion of conventional fossil resources and the envi-
ronmental impact of CO, emissions, significant attempts have been
made in the development of alternative fuels. Alternative fuels have
several advantages; for example, H, has long been considered a perfect
clean energy carrier (142 kJ/g) to replace current carbon-based energy
sources. Hydrogen contains no carbon and, when oxidized in a motor,
only produces water residue, making it a “zero emissions” fuel. In
addition, H has a significant energy density that can reach almost three
times that of fuel per unit mass. Bio-Hy can be produced from CHy4
through steam reforming and photo-/dark-fermentation by converting
organic and carbohydrate-enriched biomass waste [4]. Furthermore,
bio-H; can be produced using microbial electrolysis cells (by fermenting
waste organic materials), algae (Chlamydomonas reinhardtii) under
anaerobic conditions, and biological/solar water-splitting processes
[93]. The bio-H; productivity and yield could reach 324 mL/L-h and
2.59 mol/mol in sequential batch fermentation operated in three
batches for 13.5 h using algal biomass (Spirogyra) hydrolyzates [94].

However, the lack of sufficient onboard storage space continues to be
a significant barrier to its widespread adoption, making Hy
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Table 1
Benefits and drawbacks of MOF manufacturing techniques.

Synthesis method Advantages Disadvantages Reference

Electrochemical (1) Higher solid (1) A constant [68]
synthesis content can be electrical

yielded through connection
continuous between the
synthesis. entire metallic

(2) It has the potential pattern is
for commercial required for
production of MOF solid
MOFs. particle

formation via
anodic
oxidation.

Tonothermal (1) Regarded as an (1) Even the tiniest [91]
synthesis ecological minute impurity

synthesis or residue can
technique. decrease the

(2) The thermal stability
physicochemical of the ionic
characteristics of liquid.

MOFs can be
controlled by
adjusting the
chemical
composition of the
ionic liquid.

(3) Stable
performance at
high temperature.

(4) Without a reflux
condenser,
moderate-to-
higher tempera-
ture synthesis can
be performed.

Microwave- (1) Quick response (1) Adjusting [72]
assisted time and high irradiation
synthesis reaction rate. strength for

(2) The ability to modification of
regulate particle reaction
size. conditions is

difficult.

(3) Greater output (2) The reaction
with astounding duration and
phase purity and temperature are
selectivity. also restricted

(4) Utilization of because
small synthesis different
devices. instruments

cannot provide
the same
conditions
consistently,
ultimately
hindering
reproducibility.

(5) The synthesis (3) Maintaining
machinery temperature
consumes less gradient within
energy and the reaction
produces fewer vessel is
chemical challenging,
pollutants. potentially

affecting MOF
quality or
reproducibility
regarding mass
synthesis.

Sonochemical (1) Quick, (1) Although the [68]
synthesis sustainable, and process is

cost-effective syn- performed at
thesis of nano- room
crystalline parti- temperature,
cles at room there are

temperature.

instances where

(continued on next page)
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Table 1 (continued)

Synthesis method Advantages Disadvantages Reference

controlling the
synthesis
temperature in
the vicinity of
the reactive
mixture becomes
difficult.
Precursors must [92]
be in solution
form.

Regency
dissolution
requires either
heat or strong
reagents (acids,
bases, organic
solvents).

The solvent

Solvothermal
synthesis

(1) Acquiring single 1
crystals is simple.

-

(2) Structural analysis (2
can be
accomplished
using single-
crystal X-ray
diffraction.

[

@3

=

residue is
produced in
abundance.
Metal salts
(nitrates/
chlorides) could
be explosive or
corrosive when
present with
organic
materials.
Reactions
produce
unwanted
mineral
compounds or
acids.

The formation of [65]
undesired by-
products owing
to competing re-
actions and the
generation of

(4

=

-

Mechanochemical
synthesis

The ball-milling a
synthesis is a solvent-

free process or requires
minimal co-solvent,

which should avoid
problems associated

with solvents, such as structurally
poor solubility of amorphous
metal salts and/or products.

organic linkers.

uncompetitive with gasoline [95]. In addition, the storage of adequate
amounts of fuel in automobiles presents another significant challenge in
realizing an Hy economy. Owing to the porous, crystalline, and large
surface areas of MOFs, their potential use in Hy storage has attracted
considerable attention from the scientific community [96]. The Hjy
adsorbed onto the pores of a MOF can be rapidly desorbed by increasing
the pressure or temperature owing to the weakened van der Waals
attraction. MOFs can offer high storage capacity on a mass basis, but
volumetric Hj storage densities are always lower compared to liquid Hy
or compressed gas storage. The volumetric Hj storage densities of MOFs
largely depend upon its interaction with Hy, packing of the materials,
and its structure [97,98]. Physisorption enables fast kinetics with total
reversibility, making it a secure and effective Hy storage process.
Recently, adsorption using porous matrices has been investigated as
a possible replacement for Hy storage. The aforementioned storage ob-
jectives can be accomplished using MOFs. In 2003, a study provided the
principle account of the Hj storage potential of MOF-5 [97]. MOF-210
exhibits a total Hy gravimetric uptake of 17.6 wt% at 80 bar and 77 K,
making it stand out with the largest SSA and the highest H, storage
capacity among other MOFs [99]. Although it has been estimated that
the capacity for total gravimetric H; storage (at elevated pressure and a
low temperature of 77 K) is proportional to the MOF-SSA, it is impossible
to indefinitely increase these areas due to the complexity of creating
MOFs with large SSAs. Alternatively, the addition of Li(I) and Mg(Il)
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ions, metal nanoparticles, open metal sites (OMSs), and tiny holes can
improve the ability of MOFs to store Hy [100]. A maximum Hj storage
capacity by MOFs can be achieved through engineered morphology and
proper crystal size distributions that can improve packing efficiency and
volumetric H; gas packing density. A system model predicted 25 g/L H,
in volumetric capacity in the compressed storage system (700 bar),
exceeding the Department of Energy (DOE, US) objective for Hj storage
of 30 g/L (in 2020) using engineering crystal shape/size or bimodal
distribution of cubic crystal size in tandem [101].

MOFs and Hy molecules only interact through physisorption based
on weak forces of physical interactions and isosteric heat. The most
accurate measure of a MOF’s ability to store Hy is its interaction
enthalpy, particularly its isosteric heat (Qst), which is released after
binding Hj to the adsorbent surface. Based on the Langmuir-Freundlich
adsorption isotherm equation, it is possible to calculate Qst using the Hy
adsorption isotherms observed at two dissimilar temperatures, most
commonly 77 K and 87 K. The Qst of most MOFs is in the range of 3-10
kJ/mol; however, it must be increased to 15-20 kJ/mol for use in real-
world scenarios at room temperature. Coordinatively unsaturated metal
centers and aromatic benzene rings are two techniques that have been
shown to increase Qst; however, to date, exceptional H; storage ca-
pacities have only been attained from MOFs at low temperatures.
Therefore, the DOE established a specific goal for onboard Hy storage
systems. With a highest delivery pressure of 100 atm and a working
temperature of — 40 °C to 60 °C, the storage goals in terms of volumetric
and gravimetric capacities are 40 g Hy/L and 5.5 wt% Hy, respectively
[102]. These objectives require a system that includes valves, tanks,
regulators, materials, pipes, a powerful cooling system, mounting
brackets, insulation, and other balance-of-plant components [103,104].

Hydrogen storage hybrid materials, incorporating metals, complex
materials, chemicals, biomass, and organic, inorganic, and AC, have
been explored for Hy gas storage [105-112]. MIL-100, MIL-101, MOF-5,
MOF-74, MOF-177, and HKUST-1 are MOF-based materials used for Hy
storage. These materials exhibit exceptional H, storage and gas
adsorption efficacy and distinctive crystal formation (Fig. 5 (A)).

Wong-Foy et al., [113] reported that MOF-5 exhibits 5 wt% of Hy
adsorption at 77 K and 90 bar. They also examined the effect of pressure
on the adsorption of saturated Hy at 77 K on different MOFs, covering a
wide pressure range from 25 bar (MOF-74) to 80 bar (MOF-20). They
found that with an increase in the SSA of MOF, the saturated H storage
also increased (Fig. 5 (B)). MOF-177 exhibited exceptional and consis-
tent Hy storage capacity, with volumetric and gravimetric capacities of
approximately 32 g/L and 7.5 wt%, respectively [114]. In another
example, UiO-66 exhibits a 4.2 wt% H; absorption at 77 K and 60 bar
[115]. The potential for boosting the ability of MOFs to store Hy has
been investigated by creating coordinated unsaturated metal centers in
MOF or doping alkali metal ions (Na(I), Mg(II), and Li(I)) in the MOFs
framework. Lin et al., [116] used binuclear paddlewheel devices similar
to those found in MOF-505 to investigate H, accumulation in various
MOFs [Cua(L)(H20)2] at 78 K (L = quaterphenyl tetracarboxylate, ter-
phenyl, and biphenyl). At 1 and 20 bar, the average H; storage quan-
tities were 2.45 wt% and 4.62-6.07 wt%, respectively. Chen et al.,
developed a high surface area (7310 m2/ g) of ultra-porous MOFs (NU-
1501-Al) with an H, storage capacity of 14 wt% (46.2 g/L) at 77 K and
100 bar [15].

Rosnes et al., conducted a similar investigation on Hy adsorption on
Mnjy(dobdc) and Cug(dobdc) [117]. They reported significant variations
in the adsorption behavior of the two compounds, which were ascribed
to variations in the interactions between the metal cations present in
each framework and Hj;. According to their experimental findings,
Cuy(dobdc) has the lowest Qst for H adsorption of any Ma(dobdc) (M =
Co, Ni, Mg, Mn, Fe, or Zn) material observed thus far, whereas
Mny(dobdc) exhibits the second lowest Qst. Xiao et al., [118] investi-
gated Hy storage on HKUST-1 [Cu3(BTC);] Cu spots in HKUST-1
[Cu3(BTC)z]-unsaturated MOFs. Villajos et al., [119] reported the pro-
duction of mixed metal My(dobdc) based on Co/Ni and its Hy adsorption
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Fig. 5. (A) Crystal structures of different MOFs: (A-1) MOF-5; (A-2) HKUST-1 (cavities: yellow and blue spheres); (A-3) MIL-101; and (A-4) CPO-27-Co(Ni) (metals:
cyan; oxygen: red; carbon: grey) or MOF-74 (adapted from [124] with permission from Elsevier License Number 5510051265267). (B) Plot of Langmuir surface area
versus H, adsorption saturation at 77 K (Reprinted (adapted) with permission from [113]. Copyright (2006) American Chemical Society). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

characteristics. Cos(dobdc) enhanced the strength of the Hj interaction
and its potential for adsorption when a certain quantity of Ni was pre-
sent. The maximum Hj adsorption capacity was observed at 298 K and
77 K, along with Qst, when 40 % Co was isomorphically replaced. Re-
searchers hypothesized that the retention of H, molecules with this type
of porous material may be due to synergistic interconnections between
the transition metal cations and smaller pores.

In another study, various Pd-doped MIL-101 materials with varied Pd
concentrations were examined to determine their ability to store Hy
[120]. The Hy absorption by Pd/MIL-101 was 3 wt% at 7.3 MPa and 298
K. The Pd-loaded MOF is 2.3-fold greater compared to pristine MOF.
Additionally, Kim et al., [121] reported the creation of an amalgam of
carbon black (CB)/Pt/MOF-5 by adding Pt nanoparticles to the perim-
eter of MOF-5 with (Pt) nanoparticles and covering it with hydrophobic
microporous CB. At 298 K and 1 bar, H, uptake by CB/Pt/MOF-5 was
0.62 wt%, i.e., 41 % higher than pristine MOF-5 (0.44 wt%). Barman
et al., developed MOF-649 and MOF-650 (two new MOFs) comprising
inwardly polarized 2,6-azulenedicarboxylate (2,6-azd) [122]. At 77 K
and 1 bar, the Hy uptake by MOF-650 was 14.8 mg/g, and its pre-
liminary Qst was 6.8 kJ/mol. According to a density functional theory
study, the interactions for Hy adsorption in MOF-650 were predomi-
nantly observed near the Zn4O(CO3)e¢ units. MIL-100 and MIL-101
chromium carboxylates were produced using the same method as that
used for the synthesis of MIL-53, but they had OMSs and larger specific
surface areas (2800 m2/g to 5900 m2/g). Accordingly, they were ex-
pected to store more Hy than MIL-53. MIL-53, MIL-100, and MIL-101
exhibit Hy storage capacities of 3.28 wt% (26.5 bar) and 4.5 wt% (40

bar), respectively [123]. Table 2 briefly lists the H; storage capacities of
various MOFs.

3.2. Methane storage

Methane is an abundant gas obtained from biogas (during the
anaerobic digestion of organic waste) or natural sources [149]. It is a
significant source of clean and renewable energy that can partially
replace petroleum, coal, and other conventional energy sources [150].
Hydrocarbons with high hydrogen-to-carbon ratios, such as CHy, are the
main components of natural gas, which has a high octane rating
(research octane number = 107) and emits the fewest CO, ions. The
development of secure, practical, and affordable high-capacity CH4
storage technologies for biogas/gas-powered vehicles is essential. For
increasing CHy storage density, currently, supercritical fluid storage at
room temperature and 200-300 bar pressure as compressed natural gas
(CNG) or liquefied natural gas (LNG) is used to store in thick and heavy
metal or expensive light carbon fiber tanks.

The selective adsorption found in gas-solid interactions can be uti-
lized to hold CH4 from biogas using porous adsorbents [151]. Re-
searchers have studied zeolites, activated carbon, and activated carbon
fibers as conventional porous materials for storage containers. The
constrained surface areas and pore sizes of these materials result in an
inadequate CH4 storage capacity. MOFs can be used as promising stra-
tegies for adsorbed natural gas (ANG) for storage of CH4 in a tank filled
with porous material at modest pressure because of their substantial SSA
and active sites [152,153]. However, the CH, storage density of MOFs (i.
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Table 2
Overview of H, storage on various MOFs.
MOF Catalyst Co-catalyst Specific surface area (m?/g) Temp. (K) Pressure (bar) H, uptake/adsorption (wt.%) Reference
Fe-BTT N/A 2195 77 98 4.1 [125]
298 1
UIO-66 N/A 1413 77 100 4.6 [126]
298 0.8
Ui0-66(Zr) ZTC/PIM-1 1767-2433 77 1 1.22-1.87 [127]
NOTT-400, N/A 1350 77 20 3.84 [128]
NOTT-401 1515 4.44
ZIF-8, Mg 118.45 623 40 - [129]
ZIF-67, 33.572 5.3
MOF-74 19.057 -
Zr-MOF rGO 1480 77 1 1.8 [130]
Zn (1,4-BDP) N/A 1710 77 1 1.6 [131]
40 4.7
Zn (1,3-BDP) 820 1 1.6
40 2.1
MOF-650 Mg/Ca-B(OH), N/A 77 20 10 [132]
MOF-5 N/A 2136 77 20 5 [133]
CS-900, N/A 1410 77 1 2 [134]
CS1000, 1629 2.2
CB-900, 1526 -
CB-1000 1825 -
Cr-MIL-10, LiCrw 2159 298 170 0.7 [135]
Fe-MIL- 100, 742 0.5
Ni-MOEF-74 595 -
MOF-519a, N/A 2400 77 1 2.13 [136]
298 0.97
MOF-520b 3290 77 1.94
298 1.27
COMFA-ZTCethy N/A 3341 77 1 2.75 [137]
COMFA-ZTCpy 3254 2.55
COM-ZTCethy 2765 2.5
COM-ZTCpy 2189 1.9
PIM-1 PAF-1 681 77 100 2.6 [138]
PIM-1/PAF-1(0.225) 1197 4.08
PIM-1/PAF-1(0.375) 1639 4.79
PAF-1 3787 9.2
MOF-5 N/A 3512 77 40 6.8 [139]
DUT-32 N/A 6411 77 53 7.8 [140]
82 14.21
MFM-132 N/A 2466 77 60 5.2 [141]
SrCey(M0O4)4 Ho®"/Yb%* 3.952 - - 3.2 [142]
IRMOF-20 N/A 4590 77 70 6.7 [98]
MIL-101 5500 40 6.1
CXFAETS N/A 2841 77 20 6.3 [143]
MOF-177 Pt (0.43) 867 298 144 2.5 [144]
Mg-MOF-74 Ti 1206 298 1 1.29 [145]
she-MOF-1 N/A 4300 77 100 12.6 [146]
Mg-MOF-74 Ammonia borane 1206 393 - 11 [147]
Mg@SNU-90'c N/A 1371 473 30 0.71 [148]
NU-1501-Al N/A 7310 77 100 14 [15]

N/A, not available.

e., ANG) on a volumetric basis is relatively low compared to CNG or
LNG. This may require larger storage tanks or systems to store the same
amount of CHy. Certain MOFs can store more than 170 cm®/cm® of CH,
(273.15 K; P = 101.325 kPa) [154].

Furthermore, the storage of CH4 in MOF is cost-effective and secure,
making it a new research focus because of high SSA, enhanced porosity,
and structural diversity [155]. In 2012, the United States DOE set a
volume storage capacity of 263 v/v or gravimetric storage capacity of
0.5 g/g (under STP conditions) for CHy4 in order to promote the devel-
opment of ANG solutions. These targets are challenging to attain with
most of the porous materials, but MOFs have been pointed as promissory
materials to approach them under certain conditions. As an illustration,
Fig. 6 (A and B) depicts the ideal crystallographic structures of MOFs for
meeting the DOE 2012 volumetric and gravimetric CHy4 storage goals.

Kondo et al., [156] created a three-dimensional (3D) structure by
controlling the voids of [M(4,4-bpy)3(NO3)4H201,(M = Co, Ni, or Zn).
At 298 K and pressures between 1 and 36 bar, they conducted an initial
CH4 adsorption test. In the IRMOF series, Eddaoudi et al., [20] created a

stable MOF-5 (Zn4O(BDC)3) and utilized for CH4 uptake studies. At a
pressure of 36 bar and ambient temperature, this series exhibited a good
propensity to absorb CH4. The CH4 uptakes of six MOFs, PCN-14, UTSA-
20, HKUST-1, Niy(dobdc), NU-111, and NU-125, were investigated
[157]. According to these findings, the volumetric absorption of CH4 by
HKUST-1 was greater than that of other MOFs at room temperature. The
total CH4 uptake on HKUST-1 was in line with the latest DOE volumetric
goal, measuring approximately 230 cm®/cm® and 270 cm®/cm® at 35
and 65 bar, respectively. Hulvey et al., [158] thoroughly analyzed the
underlying mechanisms of CH4 uptake by combining computational and
experimental data. The data for CH4 adsorption onto HKUST-1 and the
volumetric adsorption capacity were not significantly altered when the
metal center was changed, as demonstrated by its isostructural analog
Cr3(BTC);. Their data on in situ neutron diffraction of granules revealed
that the adsorption sites were mainly located at the small octahedral
cage of the structure and its surroundings. In a separate study, Liu et al.,
[142] reported the strong CH4 adsorption capability of MAF-38, which is
an OMS-free MOF. According to their research, the CH4 adsorption
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Fig. 6. (A) and (B) are hypothetical X-ray crystal structures of ideal MOFs to meet gravimetric and volumetric CH, storage goals for 2012 set by the DOE (Reprinted
(adapted) from [153] with permission Elsevier Nature License Number 5671690247426): The 3D representation of HKUST-1 (A) reveals that it possesses some
characteristics that can be helpful in achieving the volumetric goal, with relatively small cavity diameter (LCD) and high density while NU-111 (B) has relatively
large LCD and reduced density, which could be helpful in achieving the gravimetric goal of 0.5 g CH,4/g of MOFs. (C) Single-crystal structures of NOTT-101 and ZJU-
40 showing the functionalization of the nanocages within ZJU-40 by pyrazine groups, which allowed for an enhanced C,H, uptake of selectivity in comparison with
NOTT-101 (Reprinted (adapted) with permission from [191] Copyright (2016) American Chemical Society). (D). The density distribution of CO, molecules
perpendicular to the NJU-Bai3 b-axis at 1 atm and 273 K (Reprinted (adapted)from [210] with permission from Copyright 2012 Royal Society of Chemistry).

values of MAF-38 were 76, 226, 263, and 273 cm®/cm? at 5, 35, 65, and
80 bar, respectively. Among the upper limit pressures of 35, 65, and 80
bar and a lower limit pressure of 5 bar, working capabilities of 150, 187,
and 197 cm®/cm® were achieved, respectively. In the smaller cage, the
apex of the carboxylate group of the BTC3 ligand was used as the sec-
ondary adsorption site while the quadrangular window crossed the large
cage as the ternary adsorption site. The large cages had a weaker pore-
confinement effect and contained ternary adsorption sites.

Barin et al., [159] synthesized NU-138, NU-139, and NU-140, which
are equivalent to (3,24)- linked MOFs. NU-140 showed a gravimetric
CH4 absorption of 0.34 g/g at 65 bar and 298 K and had an operating
capacity (65 bar to 5 bar) of 170 cm®/cm®. Moreover, the early Qst of the
CH4 uptake was approximately 14 kJ/mol. To increase the working
capacity of CH4, Mason et al., [160] reported a novel technique that used
flexible MOFs as adsorbents. These materials undergo phase changes in
response to the exoteric stimuli. A novel MOF material (NU-1501-Al)
fabricated and designed by simulation with a high SSA of 7310 m%/g
could be able to store 0.66 g/g of CHy, surpassing the US DOE target of
0.5 g/g [15].

Based on the gate-opening behavior, [Co(bdp)],(bdp?=1,4-benze-
nedipyrazolate) can store CH, at a high operating capacity of 197 cm®/
em® at standard temperature and pressure (STP). Although MOF’s
gravimetric and volumetric storage or working capacities are better than
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those of other porous materials for CHy4 storage, providing the required
adsorbents for currently widely used adsorbed natural gas technologies
remains challenging. Seki and Mori [161] investigated using MOFs in
CH, storage. With 1891 m?/g SSA, 0.70 cm®/g pore volume, and 0.87 g/
em® solid density, Cua(bdc)a(dabeo) is isostructural with a Cu porous
MOF [162]. By extending the ligand from styrene dicarboxylate ligand
to benzene dicarboxylate, the pore capacity increases to 1.26 cm®/g, and
the SSA significantly increases to 3265 m2/g [161]. Table 3 lists the
main MOFs used for storing CHy.

3.3. Acetylene storage

In addition to its use as a fuel for welding technologies, CoH; has long
been a crucial chemical feedstock in modern industries. It is frequently
used in the production of chemicals and electrical materials [185].
Owing to its explosive nature when compacted at pressures higher than
2 bar at ambient temperature, CaHy is challenging to move and store
safely. Currently, acetone and porous materials are used to store CoHy in
specialized cylinders. However, this method is expensive and produces
acetone pollutants. Thus, developing new methods to secure CyH> is
difficult. Owing to their high potential for gas storage, porous MOFs
have emerged as promising solutions to the issues mentioned above.
MOFs are useful for CoH; storage at moderate pressures, resulting in
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Table 3
CH,4 uptake capability of MOFs under specific conditions.
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CH,4 total uptake

CH, excess uptake

Materials BET specific surface area (m?/, 2) Vp (em®/ 2) mg/g em®/em® T(K) P(bar) mg/g cm®/cm® T(K) P(bar) References
HKUST-1 1850 0.78 216 267 298 65 178 220 298 65 [163]
Al-soc-MOF-1 5590 2.30 410 197 298 65 - - - - [164]
monoHKUST-1 1193 0.52 177 267 298 69 151 227 298 69 [165]
LIFM-82 1624 0.71 210 271 298 80 - - - - [166]
MAF-38 2022 - 247 263 298 65 - - - - [167]
MFM-115a 3394 1.38 278 238 298 65 - - - - [168]
MIL-53(Al) 1100 0.59 >96 155 304 35 - - - - [169]
MIL-53(Cr) 1100 0.56 >96 165 304 35 - - - - [169]
MIL-10[pO(Cr) 1900 1.10 152 150 303 60 - - - - [170]
MIL-101(Cr) 4230 2.15 217.6 135 303 60 - - - - [171]
MOF-5 3800 1.55 - 132 298 35 - 300 60 - [971
MOF-177 4700 1.83 - 208 298 80 - - - - [172]
MOF-200 4530 3.59 - - - - 234 - 298 80 [99]
MOF-210 6240 3.6 - - - - 264 - 298 80 [99]
MOF-519 2400 0.928 190 259 298 65 - - - - [173]
MOF-905 3490 1.34 270 206 298 65 - - - - [172]
MOF-905-Naph 3640 1.39 - 211 298 80 - - - - [172]
MOF-905-Me2 3310 1.25 - 217 298 80 - - - - [172]
MOF-905-NO2 3380 1.29 - 203 298 80 - - - - [172]
MOF-950 3440 1.30 - 209 298 80 - - - - [172]
Ni-MOF-74 1350 0.51 148 251 298 65 125 210 298 65 [174]
NJU-Bai43 3090 1.22 283 254 298 65 - - - - [175]
NOTT-101a 2805 1.08 247 237 298 65 - - - - [176]
NU-111 4930 2.09 360 205 298 65 262 150 298 65 [177]
NU-125 3120 1.29 287 232 298 65 223 181 298 65 [157]
NU-135 2600 1.02 219 230 298 65 - - - - [178]
NU-1500-Al 3560 1.46 290 200 296 65 - - - - [179]
NU-1501-Al 7310 291 410 163 296 65 - - - - [179]
NU-1501-Fe 7140 2.90 400 168 296 65 - - - - [179]
PCN-14 2000 0.85 197 230 298 65 157 183 298 65 [180]
PCN-66 4000 1.63 - 187 398 65 177.6 110 298 35 [181]
PCN-68 5109 2.13 - 187 298 65 185.6 99 298 35 [182]
UTSA-20 1620 0.66 181 230 298 65 150 191 298 65 [157]
UTSA-76 2820 1.09 263 257 298 65 - - - - [183]
UTSA-110a 3241 1.263 288 241 298 65 - - - - [176]
ZIF-8 - - ~85 - 300 36 70 300 36 [184]
ZJU-70 1791 0.676 - 211 298 65 - - - - [181]
NU-1501-Al 7310 - 660 262 270 100 - - - - [15]

effective storage with minimal energy. MOFs, as a novel class of solid
permeable substances, facilitate energy-efficient CyH; storage at
reduced pressures. Multiple research organizations have been involved
in MOF projects and have made remarkable progress [186].

Matsuda et al., [187] studied CoHj storage on Cua(pzdc)s(pyz) (pzdc
= pyrazine-2,3-dicarboxylate, pyz = pyrazine). Using the maximum
entropy method (MEM) or Rietveld analysis, the crystal structure of
Cuy(pzdc)o(pyz) was identified after being loaded with CyHs. This
analysis showed that CoHj was spread on the unsaturated carboxyl ox-
ygen atoms via Hy bonding. The substance demonstrated excellent
attraction for CoHy, with maximal entropy and adsorption capacity of
42.5 kJ/mol and 42 cm®/g, respectively. The following approaches have
been efficient in improving the CoHy framework interactions and
attaining large CoHs storage capacities in MOFs: (1) optimizing the pore
area and size, (2) including open metal locations, and (3) functionalizing
organic linkers to create specific CoHy molecule binding sites.

Xiang et al., [188] evaluated the CyHy storage capabilities of six
MOFs with different shapes and porosities (MIL-53, MOF-5, ZIF-8,
HKUST-1, MOF-505, MOF-508, MIL-53, and MOF-8). MOFs with
exposed metal sites, such as HKUST-1, exhibit the highest CoHo capa-
bility of 201 em®/g at 295 K and 1 atm. According to the first-principles
calculations and high-resolution neutron diffraction, HKUST-1 has
strong binding locations at the preferred adsorption spots and OMSs.
Hence, powerful interactions of the CoHy molecules cause a high gas
storage capacity by HKUST-1. In a related study, Xiang et al., [189]
examined the uptake of CoHy, by M—MOF—-74 with more accessible
metal sites (M = Mn(II), Co(II), Zn(II), and Mg(II)). The most effective
volumetric CoHy adsorption of 230 em®/cm® was achieved using Co-
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MOF-74 at 295 K and 1.01 bar. This is due to the strong interfaces of
Co-open MOF-74 Co sites and CyHy molecules.

Rao et al., [190] substituted the benzene ring in the middle of a 1,4-
benzenediisophthalate ligand with a functional N-site-containing pyri-
dine ring in NOTT-101 to synthesize ZJU-5. According to their studies,
ZJU-5 exhibited a significantly high C;H, uptake density of 193 cm®/g at
1 bar and 298 K, with a volume that was 9 cm®/g larger than NOTT-101
(184 cm3/g). This high CyHy uptake density of ZJU-5 was due to the
Lewis base sites of the pyridine ring, which improved contact with the
acidic Hy atoms of CoHy by Hy bonding. In a similar approach, as rep-
resented in Fig. 6C, ZJUT-40 MOF was created by Wen et al., [191],
whereas pyrazine was used instead of benzene to increase the nitrogen
density. Under the same conditions of 1 bar and 298 K, ZJUT-40
exhibited a higher CyH, uptake density of 216 cm®/g and higher
CoHy/COq selectivity than NOTT-101 (Fig. 6C). Such improved perfor-
mance was related to stronger Hy bonding between the nitrogen sites
and the CyoHy molecules on ZJUT-40 in comparison with NOTT-101.

Moreau et al., [192] synthesized a Cu-based MOF, MFM-188, which
contains CO and NH-bifunctional sites in a 5,5,5",5”-([1,1-biphenyl]-
3,3,5,5"-tetracarbonyl) Tetrakis (azanediyl) tetra isophthalic acid.
Despite its decent porosity (1.12 cm®/g) and high surface area (2568
m?/g), MFM-188 exhibited a very high CoH, adsorption of 232 cm®/g at
1.0 bar and 295 K. CyHy molecules associated with the bi-functional C =
O and NH sites of the amide groups were convincingly demonstrated
using inelastic neutron scattering experiments and neutron diffraction.
Their research demonstrated that vacant metal locations, amide groups,
and proper pore geometry were responsible for high CoHs uptake. Zhang
et al., [193] studied the development of MOF-505, a NJU-Bai 17 amide-
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modified material. Using first-principles calculations and the Monte
Carlo method, it was determined that the amide groups were the pri-
mary CyHy adsorption sites (in addition to the exposed metal sites for
NJU-Bai 17) at 1 bar and 296 K, indicating that the amide groups and
CoH, formed H-bonds. This resulted in a CoHy uptake of up to 222.4
crn3/g.

FJI-H8 is a novel MOF with appropriate pore size and OMSs. In
contrast to Co-MOF-74 and HKUST-1 at 1 atm and 295 K, FJI-H8
exhibited record-breaking gravimetric CoH, adsorption of 224 cm®/g
and an equivalent adsorption intake of 196 cm®/cm? by Pang et al.,
[194]. Traditional Monte Carlo calculations showed that CoHy adsorp-
tion on FJI-H8 depended more on the pore space than on the OMSs.
Additionally, FJI-H8 exhibited a lower temperature-dependent change
in CyH, adsorption capacity (2.2 cm®/g) relative to other previously
described MOFs. The CoH, absorption of FJI-H8 decreased by only 3.8 %
after five adsorption-desorption tests, showing good repeatability.
Owing to its superior gravimetric and volumetric adsorption capacities,
negligible CoHy adsorption reduction rate, and high reusability, FJI-H8
is considered a superior adsorbent for practical applicability. Table 4
summarizes the CoH, uptake capabilities using the developed MOFs.

3.4. Carbon dioxide storage

Global warming and anthropogenic climate change are caused by
drastically elevated concentrations of CO,, a primary GHG in the at-
mosphere. Consequently, significant efforts have been made in recent
years to reduce CO5 pollution. To tackle such issues, various CO; capture
and sequestration processes have been practiced. MOFs have been
regarded as a promising method for capturing and separating CO»
[201,202]. CO4 removal from biogas resources (e.g., landfills or anaer-
obic digesters) is required to enrich CHy for its utilization as a fuel.
Furthermore, the recovered CO, from biogas or industrial sources can be
valorized into various useful chemicals [7]. For instance, CO, from
different sources can be turned into CH4 in the presence of Hy using
power-to-gas technology using biological or chemical catalysts. Biolog-
ical Hy methanation utilizes methanogenic microbes in mild tempera-
ture (37 to 65 °C) and pressure (1 to 15 bars) ranges, but low Hjy
solubility and mass transfer limitation in the fermentation medium
result in a long operating time and large bioreactor volumes [203]. The
CO4, present in synthetic gas (obtained from coal or biomass combustion
from power plants) can be converted to CH,4 using a catalytic metha-
nation reactor [204]. Additionally, separated COy can be utilized in
industry (e.g., carbonation of bauxite residue), agriculture (e.g., nutri-
ents for plant growth), energy generation (e.g., during oil and gas re-
covery), and the production of useful chemicals through carbon
sequestration and reduction [205]. High-purity (>95.5 %) CO5 is

Table 4

CoH, uptake potential of a few samples of MOFs at room temperature and 1 bar ().
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required to be injected into a pipeline for carbon capture and storage
applications [206,207].

The selective adsorption of CO, by porous solid-state compounds is
reversible and consumes less energy. MOFs have attracted the most in-
terest among solid-state porous materials because of their extraordinary
porosity, strong adsorption capacity, enhanced selectivity through
strong functional tenability, and high crystallinity for simple structural
characterization. For efficient carbon storage, CO- is generally collected
first because it typically produces more powerful intermolecular con-
nections with OMSs and provides additional MOF features relative to Hy
storage [208]. Several techniques have been used to enhance the CO5
capture potential of MOFs, such as the production of high-density OMSs,
attachment of functional polar groups to unsaturated metal centers or
organic backbones, infusion of metal ions, and constriction of internal
pores.

Currently, MOF-200 and MOF-210 have superior adsorption den-
sities for all porous materials, retaining 71 wt% of CO5 at 50 bar and
25 °C, respectively [99]. The capture of flue gas CO5 is more pertinent to
the CO;, storage capability of MOFs at atmospheric pressure, as affected
by the significant adsorbent CO, interconnections and surface area. The
Mg-MOF-74 structure at 1 bar and 298 K is currently the MOF with the
most remarkable performance at atmospheric pressure. It has open Mg>*
sites and large (35.2 wt%) CO- storage capability [209]. Another study
used a (3,4,6)-linked agw-MOF with an L4 linker built into an amide and
two distinct types of secondary building units to produce an extremely
porous material (NJU-Bai3) with a 2690 m?/g specific surface area
[210]. The amide-inserted MOF (NJU-Bai3) is indicated as one of the
excellent MOFs for CO, capture due to its better storage and selectivity
for COy. Three different types of cages are well packed in the overall
structure, and each of the cavities is directly exposed to amide units. The
amide groups in NJU-Bai3 and Cu(Il) metal sites for COy molecule
adsorption in the framework [211]. As predicted by the ideal adsorbed
solution theory (used to evaluate the selectivity of the MOF material for
gas adsorption), NJU-Bai3 exhibited a high CO, adsorption of 6.21
mmol/g at 1 bar and 273 K. Moreover, it exhibited good selectivity for
CO4 over Ny (25-61) at elevated pressures (20 bar) and over CHy
(14-47) in the pressure range of 0-20 bar [210]. First-principles com-
putations revealed amide groups with dense decoration, specifically the
AC@OA groups in NJU-Bai3, which significantly increased the attrac-
tion between the NJU-Bai3 structure and CO», leading to strong selec-
tivity and CO, uptake. Accordingly, it appears to outperform other
MOFs, such as MOF-210, MOF-177, and NU-100, which have high CO,
uptake but poor selectivity [99]. Fig. 6 (D) illustrates the density dis-
tribution of the center-of-mass of CO5 molecules perpendicular to the b-
axis of NJU-Bai3 [210,212].

In another study, an elegant txt-type MOF stage was purposefully

MOFs BET specific surface area (mz/g) Temperature (K) Gravimetric uptake (cm®/; g) Volumetric uptake (em®/cm®) Reference
HKUST-1 1780 295 201 177 [195]
MOF-505 1694 295 148 137 [195]
Co-MOF-74 1056 295 197 230 [189]
Mn-MOF-74 1102 295 168 182 [189]
Mg-MOF-74 1332 295 184 167 [189]
NOTT-101 2316 296 184 N.A. [196]
SIFSIX-1-Cu 1178 298 190 164 [197]
ZJU-5 2823 298 193 N.A. [190]
7ZJU-8 2501 298 195 134 [198]
ZJU-40 2858 298 216 N.A. [191]
NJU-Bai 17 2423 296 222.4 176 [193]
FJI-H8 2025 295 224 196 [194]
MFM-188 2568 295 232 N.A. [192]
MAF-2 N.A. 298 70 82 [199]
[Cds(vtz)e ] N.A. 298 50 77 [200]

N.A., not available.
adapted from [163]
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built with many pores or an SSA of 5142 m2/g for the mesoporous
substance NJU-Bai23 [213]. The study showed that linkers for the amide
groups in pyridine-based diisophthalates are easily incorporated. Owing
to the presence of amide groups with a large density, the NJUBai21, 22,
and 23 txt-MOFs exhibited comparable selectivity for COy/CH4 and
CO9/Nj, as well as relatively strong CO» uptake at high pressures
compared to NJU-Bai20 (without amide groups). Fig. 7 shows the
adsorption of CO, onto NJU-Bai20 to 23, the corresponding heat of
adsorption, and the selectivity of these txt-MOFs for CO3/CH4 and COy/
Ny [213]. The amide bond spacer, present in NJU-Bai21, shows high
adsorption capacity for CO5 (206 cm®/g to 115 em®/g at 0 °C to 25 °C
and 1 bar) compared to triple bond spacer NJU-Bai20 (136 cm>/g and
68 cm>/g at 0 °C to 25 °C, respectively and 1 bar of pressure) (Fig. 7 a
and b). Similarly, a sharp increase in CO, adsorption enthalpy is re-
flected in NJU-Bai21 (25.9 kJ/mol) compared to -Bai20 (22.2 kJ/mol)
(Fig. 7 c). Despite ligand expansion, the high selectivity trend of NJU-
Bai21 > -Bai22 > -Bai23 is observed as 93, 81, and 72 for the binary gas
mixture (15:85 of CO3 and N3) and 7.8, 6.7, and 5.8 for 1:1 gas mixture
of COy and CHy4 (Fig. 7 d). Furthermore, a higher CO; storage amount
was observed in NJU-Bai21, specifically in the pressure range of 0 to 10
bar, compared to -Bai20 due to the presence of amide groups, which
would promote CO, uptake (Fig. 7 e). Therefore, considering the
simplicity of incorporating amide groups, it is an appropriate strategy to
obtain MOFs superior to NJU-Bai20 for CO, storage applications. Qasem
et al., examined CO» storage using MOF-177 and MOF-5 via adsorption
[214]. They noted that MOF-177 and MOF-5 exhibit high storage
pressures and sizable CO5 adsorption capacities. The charging process
was completed within the first 500 s for each of the examined adsorptive
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storage pressures (5, 10, 20, 30, 40, and 50 bar), followed by a cooling
process lasting approximately 2500 s.

3.5. Gas storage mechanisms of MOFs

3.5.1. Hydrogen gas storage mechanisms

The most well-known approach for storing Hy is the spillover
mechanism, which is represented in Fig. 8(A). In the mechanism, the
atomic H migrates from the dissociated H, molecules to the supportive
materials. This mechanism operates at ambient temperatures and per-
forms better when metal-based catalysts are used. To enhance the Hy
storage capacity, Hy molecules move from the catalyst to the substrate
[215]. Fig. 8 (A) shows the movement of Hy through the MOF by
spillover. As it may be seen in Fig. 8 (A), Hy migration in storage by
spillover occurs through three primary reaction stages: (1) Hy molecules
chemisorption and dissociation on a catalyst made of a transitional
metal; (2) spillover of H atoms from the catalyst to the substrate; and (3)
H atom diffusion on the substrate surface. Then, the subsequent release
may occur by (4) desorption of H resulting from the recombination of
two chemisorbed H atoms; (5) desorption of a chemisorbed H atom by a
gas-phase H atom through Eley-Rideal recombination; (6) reverse
spillover of H from the substrate to the catalyst; and (7) recombination
of two H atoms resulting into a H, molecule. The energy required for Hy
chemisorption is 0.8-1.8 eV; thus, the catalyst in stage (1) must possess a
remarkable ability to adsorb Hy. The Hy particle in (2) must cross a
sizable energy barrier of 2.45-3.2 eV to move toward support. The C-H
bond is significantly strong, and the energy barrier on the MOF surface
ranges from 1.05 eV to 2.16 eV; therefore, it is challenging for the Hy
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atoms to diffuse through the substrate in stage (3).

Ensafi et al., [216] reported the use of stacked double hydroxides,
reduced graphene oxide (rGO), and Al-M constructed using Hy sorbents.
The spillover impact was evaluated using Pd#Al-M/LDH-rGO-
ophenylenediamine. Al was used as the chemical hydride, M (Ni, Cu,
and Zn) was used as the metal hydride, o-phenylenediamine was used to
improve the kinetics of Hy desorption/adsorption, and rGO was used
because of its sp? hybrid carbon acceptors with large surface areas
[217]. At the site of the spillover material catalyst, Hy molecules
dissociate. These molecules are then transferred to the receptors with
large surface areas. There are two steps in the Hj spillover process: first,
the highly active hydrogen was generated by dissociating H; at a metal
surface. Secondly, through some tunnels or metal-support contacts, the
dissociated hydrogen enters the substrate molecule. In addition to acting
as reactants in the related catalytic reaction, the dissociated hydrogen
can also cause phase transitions or defects in the support, which can
modify the energy band and enhance catalytic activity [218].

Ui0-66-NH; performed better in terms of Hy absorption because of
the interaction between amoxicillin (AMX) and different Zr-MOFs. The
adsorption interactions of AMX and UiO-66 were pH-dependent and
varied at high pH due to the deprotonation of their functional groups.
Lewis acid-base interaction was the primary adsorption impulse, as
demonstrated by the clear FT-IR/XPS spectrum shift [219]. In addition,
H-bond interaction and n-n/n-t EDA (electron-donator-acceptor) inter-
action were also considered for Hy adsorption. The percentage of the
amine group in UiO-66 mostly interacted with the phenolic hydroxyl
group of AMX, determining the strength of the Lewis acid-base inter-
action. There were six different types of n-t/n-n EDA contacts and
thirteen different types of hydrogen/zn-hydrogen bonding interactions
because of the variations in the charge distribution of functional groups.
Furthermore, the adsorption of AMX was further facilitated by molecule
attraction and electrostatic interaction. In summary, a deeper under-
standing of adsorption mechanisms and more effective utilization of
functional adsorbents may be achieved by the examination of in-
teractions between functional groups [219].

The mechanisms by which AMX may adsorbed onto UiO-66-NH2 at
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different pH values, namely pH 3, pH 5, pH 7, and pH 9, are shown in
Fig. 8 (B) [219]. These mechanisms involve (i) He and p-Hs bonding, (ii)
contact with the Lewis acid-base system, (iii) electrostatic interactions,
and (iv) interactions between p-p and n-p electron donor-acceptors. In
UiO-66-NHj, the (i) benzene ring is the p-electron donor and the
electron-removal substituent. The Hy donors and acceptors are AMX and
UiO- 66-NH; in (ii). With increasing pH, the interactions in (iii) between
the MOF and the target pollutants increased [220]. The Lewis acid and
base are oxygen-containing groups (e.g., carboxyl and phenol hydroxyl)
on AMX and —NH> group onto molecule UiO- 66-NHj, respectively. The
main adsorption mechanism is purely pH-dependent via Lewis acid-base
interactions [219,221].

3.5.2. Methane gas storage mechanisms

Although physical adsorption comprises most storage mechanisms of
MOFs, the surface area significantly affects how well a gas adheres to the
MOF. After CH4 adsorption, Zhou [223] noticed comparatively homo-
geneous pore coverage as the van der Waals forces engaged the MOF
surface when CH4 molecules were present. However, one feature dis-
tinguishing MOF from other porous adsorbent materials is their OMSs,
which makes it possible for the MOF to tightly bond to CH4 molecules
via Coulombic interactions [164].

Linetal., [167] clarified the CH4 adsorption process of MAF-38 using
DFT and grand canonical Monte Carlo (GC-MC) simulations. A sol-
vothermal process was applied to produce an OMS-free MOF, MAF-38,
using Hpypz, Zn(Il), and H3btc containing polyhedral cages of
different sizes. The large cage comprised six Znypy2pza(RCOO); units,
six isophthalate moieties from six btc, two complete btc, and 12 pypz
ligands. The small cage was encircled by six Znypyspz2(RCOO); units,
six pypz ligands, and two btc ligands, as shown in Fig. 9 (A and B). The
six open trigonal sides of the small and large cages result in a 3D hier-
archical pore structure. MAF-38 had a total CH4 adsorption density of
226 cm® at 35 bar, 65 bar, and 80 bar. Assuming a delivery pressure of 5
bar, the operating capacities of CH, at 35, 65, and 80 bar were 150, 187,
and 197 em®/(STP) cm® (Fig. 9 (Q)), respectively. The primary CHy
adsorption site (as identified by computer simulations) is situated in the
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trigonometric window associated with the cages (small and large),
where many connections exist in the host structure. Additionally, C-
H---O and C-H---N Hy bonds and C-H--- & interactions are produced (Fig. 9
(D)). The COOH group of the btc ligand present in the smaller cage and
the quadrangular window linking the large and small cages are used as
adsorption sites for secondary and tertiary CHy (Fig. 9 (E and F)).

Wu et al., [224] reported the CH4 adsorption mechanism using three
MOFs: PCN-14, HKUST-1, and PCN-11. According to their study, the
CH4 molecule rests immediately above the exposed Cu(Il) ion OMS,
which is one of the key CHy4 binding sites for all three MOFs. Along with
the OMSs that have long been known to exist, pockets at the junction of
the hole and cage were discovered as additional efficient guest molecule
adsorption sites. Fig. 9 (G) represents the crystal structure of HKUST-1
with three different types of cages. The H atoms present in CHy4 were
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distributed toward the octahedral cage adjacent to the Cu(Il)
tetracarboxylate-paddlewheel units, and the small cage window site
served as HKUST-1's second main binding site. Fig. 9 (H) represents the
localization of adsorbed CH4 molecules at the four windows sites of an
octahedral cage. A CH,4 capacity of approximately 160 cm3(STP)/cm®
was achieved once the Cu(II) open sites and small cage window sites
were completely saturated. Two more secondary adsorption sites, one at
the corner of the large cage and the other close to the small cage center,
were discovered in addition to the previously mentioned main locations.
Three others significant CH4 binding sites and a sizable corner cage site
were discovered in the PCN-11 two-site cage window (I and II). One
hydrogen atom of each CH4 molecule occupying the two cage window
positions points toward the center of an extended cuboctahedral cage
perfectly aligned along its threefold axis. Although those at window cage
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site II pointed in the general direction of the organic linkers, the three
remaining atoms of hydrogen in the CH4 absorbed at the window cage
site I pointed out the general direction of the Cu(Il) tetracarboxylate-
paddlewheel units. At the maximum saturation of these four primary
binding sites, which corresponded to almost 75 % of the total CHy
adsorption, the storage capacity was 160 cm>(STP)/cm®. The pore
spaces and secondary adsorption sites of the three MOFs provide
available storage space.

Hulvey et al., conducted a thorough study on the CH4 uptake by
HKUST-1 [158], and the results indicated that the adsorption sites are
preferred over the exposed Cu(Il) sites and are situated close to and
inside the small octahedral framework of the structure. Wu et al., [225]
calculated the CH,4 binding energies at the unsaturated metal sites of Mg-
MOF-74 using first-principles calculations. The calculated binding en-
ergy was higher than that of conventional MOFs (30-35 kJ/mol). Based
on previous findings for various gas molecules, it was demonstrated that
OMS was the main adsorption site when the position of the CH4 mole-
cule was above the MgOs pyramidal square plane. The distance between
the Mg and C atoms of the bound CH, in MAF-38 was 3.04 A less than the
carbon-carbon distance of CH, deposited over graphite (3.45 A), indi-
cating that the CH4 molecules and Mg ions have strong interactions. The
adsorbed CH4 molecules reacted with the OMSs’ CH4 molecules and the
framework at the second CHy site, which is another adsorption site. This
interaction helped stabilize the adsorbed CH4 molecules.

Kim et al., [162] used synchrotron X-rays to describe the CHy4
adsorption locations in Zng(bdc)a(dabeo). X-ray structural analyses of
CH4 adsorbed on Zn2(bdc)2(dabco) using single-crystal X-ray analysis
revealed that site B was located near the center of the minor windows
along the a- and b-axes, and site C was situated at the center of the
cavity, being associated with the Zny(COO); paddlewheel units
(H4C---01, 3.74(2) A). Additionally, the CH4 molecules at site A formed
incomplete n—HC interactions with the phenyl chain of the bdc ligands at
a distance of 3.33(2) A. At site B, the CH4 molecules interacted (H4C---Cg3,
3.99(1) A) with phenyl ring. The CH4 molecules at site C remained
steady through contact with sites B and A. In addition, 4.02(2) A and
3.91(4) CH4-to-CH4 separations existed between locations C and A and
B, respectively. As they were significantly closer to each other, sites A
and B could not be completely occupied simultaneously.

Lucena et al., [226] investigated the temperature dependence of
PCN-14's CH,4 adsorption. Interestingly, CH4 was present at the unsat-
urated Cu(ID) sites at 150 K rather than at 290 K. They also showed that
no energy boundary existed between PCN-14's weak and powerful
binding sites at room temperature. Ma et al., [227] synthesized PCN-14
for CH4 adsorption. Their findings showed a considerably higher CHy4
intake of 230 v/v at 290 K and 35 bar, relative to the earlier DOE goal of
180 v/v at 35 bar and 298 K. The small surface area of PCN-14 does not
explain its highly potent CH, adsorption capacity of 1453 m®/cm?®.
Getzschmann et al., [228] computationally examined CH4 adsorption in
the pores of HKUST-1. They discovered through GC-MC simulations that
CH,4 molecules first adsorb in the 5 tiny pores before moving on to larger
holes (11 A and 13.5 f\). Wu et al., used neutron powder diffraction to
identify the locations and orientations of two archetypal MOF molecules
with CHy4 (ZIF-8 and MOF-5) [229]. The apex of the organic linker
(MeIM), serving as the first CH4 adsorption site (IM site) in ZIF-8, was
created by the early loading of CD4/Zn. Another CH4 adsorption location
(channel site) situated in the middle of the channel comprised six ZnN4
tetrahedra and was determined using a loading of 2.33 CD4/Zn. The
vertex D atom in the CD4 and associated C = C bond were most tightly
spaced at 2.98 and 3.21 in the IM and channel sites, respectively. In
contrast, excess CH4 molecules were contained within a nanocage with a
diameter of approximately 5 A formed by the CH,4 molecules present on
these two sites. Orientationally disordered confined CH4 randomly oc-
cupies four potential spots in the center of the cavity. Notably, a phase
shift was observed after cooling. In this case, the location of the CHy4
molecules shifted, but the two primary sites remained unchanged.

In this type of nanocage, three confined CHj sites are observed, each
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encircled by four main CHy sites. According to the loading of 0.75 CDy4/
Zn, the initial CH,4 adsorption site (cup site) in MOF-5 is situated in the
middle of the triangular faces of the zinc oxide molecules. The CHy
molecules in the cup site are properly aligned, with one C-D bond in the
three-fold axis and three other points on the three ZnOs triangular sides.
The cup sites were fully occupied by the increasing CH4 loadings of
3CD4/Zn, and two extra sites were visible: one overhead the hexagonal
plane of the organic linkers and another ZnO4 tetrahedron (ZnOs site)
(hex sites) located above the O-O border. At the zinc oxide and hex sites,
the CH4 molecules lacked well-defined orientations compared to those at
the cup site, suggesting significantly weaker CH4-MOFs interactions.
The central pore structure also contained a small number of totally
disorganized CD4 molecules in addition to the cup, hex, and ZnO, sites.
With higher CH4 loadings (2, 3, 4, and 6 CD4/Zn), a phase transition
occurred when the temperature was reduced below 60 K. The CHy4
molecules assemble in the core cavity of the structure and rearrange in
response to this phase change. As a result of the phase shift, the three
first adsorption sites remain basically unchanged. In addition to the
three adsorption sites mentioned above, the other CH4 molecules occupy
large cages. They exhibit host-guest and guest-guest interactions similar
to those at the secondary and tertiary sites.

Once the MOFs (MOF-5) are loaded with CHy, the gas adsorbents are
first drawn to the strongest binding site, which is the metal clusters in
MOF-5 and the organic linkers in ZIF-8. The CHy4 orientation is defined
by framework molecule interaction. The molecule orientations and
adsorption sites remain consistent with temperature because of the
comparatively high binding energy. Higher loading causes CH4 mole-
cules to begin settling into the secondary binding sites. ZIF-8's second
site features local 3-fold symmetry, making it suitable for a tetrahedral
CH4 molecule. The MOF-5's second and third binding sites lack such an
appropriate local shape. Adsorbed CH,4 exhibits orientational disorder at
these sites and is stabilized through the framework-CH,4 interaction and
a drop in temperature. The overall symmetry of the MOF-5 system is
lowered as a result of the modest offset of the CH,4 location from the sites
that fulfill the cubic symmetry caused by the mismatch between the
molecule shape and the local framework geometry. Under both cir-
cumstances, the host pore shape serves as a template for the intriguing
interconnected nanocage structures formed by the adsorbed CH4 mole-
cules [229]. On the other hand, as temperatures rise for PCN-14, the CHy4
saturation absorption of both absolute and excess adsorption decreases.
At 125 K, the saturation of excess CH4 adsorption in PCN-14 an adsorbed
density of CHy. The fully activated PCN-14 sample’s nitrogen sorption
isotherms demonstrate typical Type-I sorption behavior, demonstrating
the activated PCN-14's persistent porosity [104].

Higher gas loading causes the CH4 molecules to concentrate in the
center of these nanocages created by the adsorbed CH4 molecules, where
they primarily interact with the surrounding CHy4. At low temperatures
(about 60 K), both MOFs loaded with a high concentration of CHy
exhibit unique phase changes that are caused by the partial ordering of
the confined CHy in the framework pores.

3.5.3. Acetylene gas storage mechanisms

Acetylene is usually produced by the thermal cracking of hydrocar-
bons or the combustion of natural gases that are accomplished with a
significant amount of COs. It results in the necessity for the purification
of CoH, using an efficient technology to meet the quality to fulfill the
demand in different domains, such as feedstocks for synthesizing several
valuable commercial compounds and welding fuels [230]. Cryogenic
distillation and solvent-based absorption are major processes currently
practiced for separating CoHy from the gaseous mixture. However, these
methods are energy-intensive and require potentially hazardous chem-
icals. It leads to exploring novel, eco-friendly, and economical ap-
proaches, such as adsorption-based technology using highly porous
MOFs with reduced energy footprint [231].

To rationally design and synthesize novel MOFs with enhanced CyH;
storage performance, it is crucial to understand the CyH» adsorption
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mechanism(s) at the active sites present in porous MOFs. Spectroscopic
methods, such as high-resolution powder neutron diffraction, can be
used to describe the CoH; adsorption sites in MOFs. In MEM/Retiveld
analysis, MOFs, in contrast to conventional activated carbons, have a
highly crystalline nature and well-ordered structures, making them
suitable for single-crystal X-ray diffraction. By using MEM/Rietveld
analysis, it was determined that when a Cua(pzdc)a(pyz)crystal structure
was filled with CoHy [187], the molecules of CoHy comprised intermo-
lecular bonds and was organized along a 1D channel of deuterated CoHy
gas (CoHy) at a distance of 4.8 A. The crystal structure of Cuy(pzdc)a(-
pyz) filled with CoH; at 170 K, as obtained by MEM/Rietveld analysis, is
shown in Fig. 10 (A). C2H; contains one H atom and one O atom of the
uncontrolled carboxylate separated by 2.2 A. Owing to CoH, adsorption,
a slight alteration in the structure of the framework also occurs, and the
heat generated by the adsorption of CoHj; can offset the energy required
for this structural transformation.

The large enthalpy associated with the adsorption of CoHy in HKUST-
1 was demonstrated by Xiang et al., where the strong interaction of CoHa
molecules was found with the open Cu(Il) sites [188]. Fig. 10 (B) rep-
resents the Fourier map of HKUST-1 obtained by these authors after
loading 0.62 CyHj per Cu calculated by the difference of the current
diffraction pattern with the one of the bare materials. The primary
binding location was the Cu site open for the CoHy molecule, which
attached to it via Columbic reactions between the Cu atom and the C,D5

(A) crystal structure Cuz(pzdc){pyz) (B)
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molecule at a Cu-C distance of 2.62 A [188]. The CsD5 molecule binds to
the open Cu(II) sites with C-D and C=C bond lengths of 1.06 Aand1.13
A, respectively. This indicates bond stimulation by the open Cu>" sites,
which are slightly longer than those of the unbound CyH> molecule. The
tiny octahedral cage window entrance serves as the next adsorption site
after the OMSs. The adsorbed CoHy molecules are very disorganized, and
the CyHa-structure interface is of the usual van der Walls (vdW) cate-
gory. The extra-positive intensity, ascribed to the adsorbed CyD5 mole-
cules, is indicated by pink spots above the open Cu(II) (green balls). This
categorically refutes our earlier theory that the high adsorption enthalpy
observed in HKUST-1 is caused by the open Cu(Il) sites, owing to their
strong CoH-binding affinity. The same technique was used by Xiang
et al., [189] to demonstrate that the open sites of Co(II) in Co-MOF-74
served as the leading sites for CoHy adsorption. The accessible Co(II)
site and the C,D, molecule are separated by approximately 2.65 A, as is
the adjacent Co atom. The crystalline c-axis is the organizing principle
for the CyD, molecules in CyDy-loaded Co-MOF-74, forming pseudo-1D
arrangements with approximately 4.0-A intermolecular C;D, distances
(Fig. 10 (C)). This is similar to the 4.8-A distance observed in
Cu?(pzdc)o(pyz). In another study, neutron powder diffraction clearly
showed six distinct CoHy atoms occupying various binding locations in
MFM-188 [192].

As shown in Fig. 10 (D-1), the CoHs molecules that attach to site 1
(labeled CyDy (1), similar to the one below) virtually encircle the
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available Cu locations in an aside-on manner. According to Xiang et al.,
[188], the distances at Site 1 between the nearest Cu atoms and carbon
in the bound CoH5 molecules are 2.60(3) A and 2.37(3) A (Fig. 10 (D-2)),
respectively, which are similar to those observed for HKUST-1 when
filled with CyD,. With a 0.67 site occupancy, CoD5 (2) Cage C contained
the compounds. In addition to the Lewis acid-base interactions between
the CaD2 molecules and C-H groups from the nearby isophthalate group
at this binding location [C---C acetylene = 3.47(1), C-H---C = 149°],
connections also exist between the C;D; molecules and N-H portions of
the amide groups through hydrogen bonds [N---C acetylene = 3.24(5),
N-H---C = 147°]. C3D;3 (3) occupies the same location as CpD5 at the
triangular aperture of the smallest octahedral cage. Atoms of oxygen in
the carboxylate [C acetylene---O = 3.72(4), 3.37(4), C-D---O = 143,
169°] are hydrogen-bound to the CyDy molecules at this binding site
(Fig. 10 (D(b)). The fourth CyH, absorption site in cage C was obtained
by combining C2D5 (1) and C2D» (2) with an occupancy rate of 0.49. The
CoH; adsorption of molecules at sites 5 and 6 did not appear to engage
specifically with the MOF host. CoHp plays a dual function by acting as
an amide and aromatic C-H group to strengthen the bond between the
CgHz and MOF.

3.5.4. Carbon dioxide gas storage mechanisms

The separations between the metal elements and Ocoy are in the
adsorption modes of 2.228 and 2.262 for respective Mg-MOF-74---COy
and Zn-MOF-74.--CO,.. While they are separated by 2.715 and 2.598 A,
the C¢p2 atoms are directed with the closest oxygen atom. In the M.--O-
C-O compound created by the CO2, Mg-O-C and Zn-O-C have positions of
129.8° and 136.8°, respectively. The angles for the Mg-O-C and average
distance between magnesium and oxygen concur with the numbers of
B3LYP-D* (129° and 2.310 ;\) [232]. The O-C-O angle is bent due to
Lewis acid-base interactions and sp hybridization of the carbon isotope
variations. Neutron particle diffraction experiments also support the
bending of CO2 [233]. The energy for contact with Mg-MOF-74---COq is

(r)

450 ]
400
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—51.5 kJ/mol, according to the revPBEvdW method [234]. Similar
interaction energy values were predicted by the hybrid-MP2:B3LYP +
D* for Zn-MOF-74---CO, and Mg-MOF-74---CO, [232]. However, it is
evident that, insofar as the predicted interaction energy, relative to Mg-
MOF-74, Zn-MOF-74 has a lower CO, value. Fig. 11(A) shows no evident
differences between the Zn-MOF-74---CO5 electronic and exchange en-
ergies, and those MOFs such as Mg-MOF-74---CO,, a larger repulsive
energy, exist for Zn-MOF-74---CO,. Compared to Mg-MOF-74---COs, Zn-
MOF-74---CO4, exhibits substantially stronger electron repulsions owing
to its 3d10 Zn structure [235]. Fig. 11(B) displays the CO5 adsorption
isotherms in Zn-MOF-74 and Mg-MOF-74 at 298 K. W During a baro-
metric transition from low to high pressure, Mg-MOF-74 always absorbs
more than Zn-MOF-74. Saturation was visible in all the isotherms at
approximately 2000 kPa. At 101 kPa and 298 K, Mg-MOF-74 absorbed
CO at a 9.5 mmol/g. Based on the data from the simulated adsorption
isotherms, this was consistent with the experimental results of 8.0
mmol/g under these conditions [236].

The CO; binds in an end-to-end coordination fashion to the penta-
coordinate Mg(Il) sites [237]. The binding mode facilitates the collec-
tion and stability of CO; inside the MOF structure. The CO adsorption
on Mg-MOF-74 exhibits an initial high Qst value of 47 kJ/mol, indi-
cating a significant binding affinity between the Mg-based node and
COs. The greater Lewis acidity of Zn(II) in comparison to other metals
(Mg(ID)) was suggested as the reason for the high epichlorohydrin con-
version of Zn-MOF-74 [238]. The smaller ionic radius of Zn(II) is the
cause of its increased Lewis acidity. Lewis acidity is primarily influenced
by ionic radius size since all metal ions under evaluation have the same
charge.

As ionic radius size and charge increase, Lewis acidity increases for
metal ions [239]. Because the Mg site has a partial positive charge on the
metal core and is Lewis acidic, the Mg-O bond has a higher ionic char-
acter. The electron-rich oxygen atoms of CO, are drawn to this partial
positive charge, which causes a coordination bond to form. The ionic
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nature of this bond influences the degree to which Mg-MOF-74 and CO»
interact. The mobility and reactivity of adsorbed CO, molecules (e.g.,
MgCOs formation) are restricted by the inflexible structure of Mg-MOF-
74 [209,240]. In contrast, Zn-MOF-74 stimulates the opening of the
epoxide ring more intensely due to the increased contact between Zn(II)
ions and the epoxide’s oxygen atom, which permits the bromide ion to
effectively attack the less substituted carbon atom by nucleophilic attack
[241].

Due to the partial positive charges on the metal centers, these MOFs
have unsaturated metal sites that display Lewis acidity, which is bene-
ficial for CO; capture. Interestingly, Zn-MOF-74 outperformed the other
isostructural MOF-74 materials in the cycloaddition reaction between
CO and styrene oxide, demonstrating a 93 % epoxide conversion and
complete selectivity to styrene carbonate. Divalent metal ions’ effect on
isostructural MOF-74 materials’ CO, valorization at room temperature
[242]. The polarization of CO3 near Mg ions is considerable and adds
significantly to the interaction energy, according to quantum mechani-
cal estimates of CO, adsorption in Mg-MOF-74 [243,244]. Considering
the very similar configurations of CO; inside Mg-MOF-74, no reaction is
occurring, and no significant charge transfer is expected. An appropriate
approximation for the polarization energy should be the orbital inter-
action energy [243].

Despite being less than the exact measurement of 296 K and 5.5
mmol/g at 1 atm, the predicted CO, absorption of Zn-MOF-74 is 1.6
mmol/g at 298 K and 101 kPa [240]. The investigational measurement
showed 14.3 mmol/g [245] according to the anticipated adsorption
isotherms in Mg and CO; up to approximately 16.6 mmol/g at 3300 kPa
in MOF-74. The relationship between the uptake and predicted isosteric
heat is shown in Fig. 11(C). The findings demonstrate that as the ab-
sorption increases when the Mg-MOF-74 and Zn-MOF-74's isosteric heat
curves intersect, they are at a concentration of approximately 9.7 mmol/
g. Simmons et al., reported the rapid adsorption of CO3 in Mg-MOF-74
compared to that in Zn-MOF-74 at low pressures, with starting Qst
values of 30 and 26 kJ/mol, respectively [246].

This difference in the adsorption temperatures at low coverages was
caused by the higher ionic character of the Mg—O bond. MgO produces
MgCOs via the exothermic chemisorption of CO,. Although Mg-MOF-74
cannot chemisorb CO,, there is an incorrect description of the
enhancement of the ionic nature of the Mg-O bond when using the GC-
MC approach, which is a widely used physisorption modeling technique.
When the pressure was increased (>0.1 kPa), the binding sites close to
the M atoms were overwhelmed. When the pressure exceeds 0.1 kPa, the
physisorption characteristic leads to an accurate GC-MC description of
the adsorption temperatures and isotherms. Fig. 11(D and E) demon-
strate how the CO; uptake in MOF-74 at various rates is compared in
terms of the density distribution outlines, as shown by the tests [233].
CO4 molecules are primarily adsorbed at the six corners of the hexagonal
channels during minimal uptake. This variation in the adsorption tem-
perature at limited coverage was caused by the higher ionic character of
the Mg-O bond. MgO produces MgCOj3 via the exothermic chemical
reaction with COs. Although, no chemisorption of CO; occurred in Mg-
MOF-74, the Mg-O bond exhibited an enhanced ionic character. None-
theless, this results in an erroneous description by the S-method, which
is a widely used physisorption modeling methodology. As the pressure
increased (greater than 0.1 kPa), the intake sites near the M atoms were
overwhelmed. Owing to the evident physisorption characteristics, the
adsorption heats and isotherms could be accurately described using the
GC-MC technique.

4. Application of MOFs in biogas upgradation

The biogas composition during anaerobic digestion depends upon
the chemical composition, feed organic matter, and other operating
conditions, such as temperature, pH, retention time, and digestion
technology [247]. Generally, biogas primarily contains CO, and CHy4,
including trace amounts of ammonia, nitrogen, oxygen, hydrogen
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sulfide, siloxanes, and moisture [248]. During biogas purification, bio-
methane must be upgraded by > 97 % by removing excess CO; for its
potential use as commercial biofuels. MOFs, being porous, structurally
diverse, versable, and tolerable, can be used for CO5 removal through
the specific passage of CH4, MOF-based materials viz. ZIF-8, UiO-66, and
ZIF-8 mixed with ZIF-67, 2D MOF, and functionalized MOF can be
applied for economical and effective biogas upgradation [249]. Upgra-
dation of biogas through selective CO5 adsorption using MOFs, such as
MOF-177, was found to have a 9-times higher amount of CO, separation
compared to conventional adsorbent materials, such as activated carbon
and zeolite [250].

Chidambaram et al., synthesized two MOFs made up of Al(III) and
tetracarboxylate ligands based on pyrens (Al-PyMOF) and porphyrin
(Al-PMOF) rings with a 7 A distance of two parallel aromatic rings to
make binding pockets for CO, [251]. The binding affinity and stability of
porous MOF adsorbents were in the presence of water vapor at a relative
humidity of 4 to 85 vol% in the feed gas. A strong affinity with CO, and
hydrophobicity towards water vapor was observed in a column study at
30 °C and 1 bar with a 10 mL/min flow rate using synthetic biogas
mixtures for dry (CO2/CHg4, 50/50 v/v) and wet (CO2/CH4/H50, 50/46/
4 v/v). AI-PMOF exhibited a high breakthrough time of 11 min/g for the
separation of CO5 and CH4 with almost similar performance in wet and
dry gas composition due to hydrophobic binding pocket nullifying the
co-adsorption competition between CO, and water vapor.

The MOFs, such as ZIF-7, ZIF-90, UiO-66, MIL-101, MIL-53HKUST-1,
and CuBDC, have attracted significant interest in fabricating mixed-
matrix composite membranes to improve the selectivity and perme-
ability due to large pore volume and tunable structure and properties
[252,253]. The presence of organic moiety in MOFs can be easily mixed
with membrane polymers owing to the high affinity of organic mem-
brane polymers for fabricating defect-free composite membranes [254].
The morphological structure of MOFs in composite membranes can be
exploited to enrich CH,4 from biogas by selective separation of CO5. Gong
et al., utilized Zn(pyrz),(SiFe) nanocrystals MOFs filler (20 wt%) ma-
terial for the composite membrane to achieve high CO5/CH4 separation
due to selective separation of COy by Zn(pyrz)s(SiFe) to surpass the
upper limit of the polymeric membrane [253]. An ideal pore size of 3.8 A
and strong affinity of SiFZ" enabled nanocrystals for strong affinity with
CO, in a mixed membrane matrix of 4,4'-(hexafluoroisopropylidene)
diphthalic anhydride (6FDA), N,N,N,N-Tetramethyl-1,3-
propanediamine (TMPDA). MOFs-based polymeric composite mem-
brane with 2 wt% to 4 wt% loadings of copper 1,4-benzene-dicarboxy-
late nanosheet (CuBDC NS) in polymeric matrices (6FDA-DAM and
PIM-1) enhanced 40 % of selectivity of COy/CHy [255]. The 2-D MOF
material (CuBDC) with a high aspect ratio exhibits cavities with a pore
pocket of ~ 5.2 A to discriminate the gas molecule permeation based on
kinetic diameter. It is a promising filler material in mixed matrix poly-
meric membranes in gas separation to concentrate CHy by removing
COa.

The MOFs and MOFs composites have drawn a significant surge of
research interest in developing novel materials for biogas upgradation.
In the recent scenario, pollutants, such as H,S and NH3 are adsorbed
before MOFs’ application as an adsorbent or filler material for CO2
removal from CH4 [249]. However, future research should focus on the
crucial challenges for practical applications, especially in acidic condi-
tions, of MOFs and composite, such as fabrication cost and material
stability or reproducibility. The production cost may be reduced by
scaling up the fabrication process using cost-effective and abundantly
available petroleum products. The non-reproducibility of MOFs can be
handled by adopting hydrophobic materials for the synthesis of MOFs,
such as 2D MOF, fluorinated MOF (ZIF-8), and a combination of ZIF-8
and ZIF-67 with appropriate polymers.
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5. MOFs for gas adsorption and energy storage applications-
major challenges

Although significant progress has been made in MOF-related fields of
study, many difficulties and hurdles remain. MOF nanostructures, for
example, produce framework adsorbents that are capable of separating
well while also providing a variety of performance characteristics,
including scalability, recyclability, easy regeneration, and mechanical
stability; in particular, they may not meet the standards for some ap-
plications [256]. Because the interactions between ligands and metal
centers play a major role in determining the durability of MOFs, it is
imperative to synthesize MOFs with the best possible coordination be-
tween the organic linkers and metal clusters. All current preparation
techniques can chemically or physically damage the MOF nanosheets,
resulting in suboptimal structures and properties. Preparing a mono-
layer in a controlled manner with a high yield remains challenging
because of the uneven thickness of the produced MOF nanosheets.

As a primary biofuel that will aid in overcoming the world’s energy
issues to attain environmental sustainability, biogas is recognized for its
pivotal role in the renewable energy market. Absorption, adsorption,
and cryogenic distillation processes are only a few of the numerous
technologies used in industry to improve biogas [257]. High energy
requirements, CH4 loss, high capital, operating and maintenance ex-
penses, and the need for a sizable footprint are the typical obstacles that
stand in the way of the effective deployment of biogas upgrading sys-
tems. Furthermore, the non-reproducibility of these materials presents a
difficulty to the commercialization of MOFs. The majority of MOFs are
not long-term stable enough and can break down, especially when
humid biogas and a trace amount of H,S are present [249]. This is due to
the fact that CO, must be removed from a biogas stream at considerably
higher quantities than H,S, which could alter how one MOF compares to
another. Recently, MOFs have been used as a filler material for the
mixed-matrix membrane for the improvement of CO2/CH4 by selective
removal efficiency due to the selective diffusivity/solubility of gases
through the composite membrane [258]. The MOF-based composite
membrane is another way for gas upgradation with a lower footprint,
ease of operation, energy efficiency, and cost-effectiveness; however,
membrane swelling, wetting effect, and sensitivity to corrosive solvents
are some of the key challenges [249].

There is uncertainty surrounding the exact mechanism of MOF
growth. Owing to incomplete self-assembly knowledge in a confined
response system, such as how synthetic conditions affect the MOFs’ pore
size and surface area, precisely controlling the target structures for
pristine MOFs remains challenging. With regular or hierarchical pores,
we can develop and produce MOFs with large surface areas and modi-
fiable compositions with a thorough understanding of the self-assembly
process. Different MOF nanosheets may have varying apertures based on
their basal planes, potentially leading to noticeably different perfor-
mances. Consequently, the creation of MOF nanosheets with various
orientations remains extremely difficult. In addition, most MOF nano-
sheets exhibit poor stability and insufficient conductivity, restricting
their gas adsorption and storage. Despite these significant obstacles, the
successes to date have been inspiring, and the topics discussed in this
review are merely the beginning of investigations into MOF-based ma-
terials. Owing to the remarkable gas adsorption performance and
selectivity of MOFs, gas adsorption and storage represent suitable fields
for the practical applications of MOF-based materials.

6. Conclusions and future research perspectives

MOFs are currently regarded as important new members of the
permeable material family as they have a lot of accessible sites. MOFs,
MOF composites, and MOF variants can replace traditional porous ma-
terials in many ways (e.g., metal oxides, porous carbons, metals, metal
sulfides, and their composites), and their use has become more common.
It was observed that the MOFs could be used as important porous
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materials for the selective adsorption and storage of strategically
important biogas and natural gas to produce alternatives to fossil fuels
and reduce GHGs. Owing to their unique characteristics, MOF is useful
for upgrading biogas by separating CO, and HyS from biogas in a
custom-made manner or enriching natural gas, which would be an
economical solution for sustainable energy demand. Despite the wide-
spread use of conventional synthesis techniques, the synthesis of distinct
MOFs is mainly practiced by mechanical, sonochemical, electro-
chemical, and MW-assisted syntheses. These techniques can typically be
applied under mild reaction conditions to produce compounds with
various characteristics and particle sizes. Future developments in MOF-
derived materials with enhanced performance require the introduction
of low-cost and effective synthetic routes with the ability to conduct
precise manipulations.

Most studies on MOFs have used existing and popular MOF types
such as MILs, PBAs, and ZIFs as precursors or sacrificial templates.
Alternative MOFs, particularly those with specifically designed features,
should be investigated to improve their performance. This can be
explicitly attributed to the increased use of compounds and MOFs. By
fully utilizing porosity for gas storage and applications, MOF composites
can enhance adsorption capacities and stabilities and offer a positive
outlook toward the widespread use of MOFs in energy storage. In recent
years, remarkable developments have been made in the preparation and
use of MOF-derived materials. Several foreseeable problems regarding
gas adsorption and storage using MOF-based nanostructures must be
resolved. This study offers several perspectives for future research in this
field. The volumetric energy densities of MOF-derived hybrid materials
are relatively low, although they have potential applications in energy
storage and gas adsorption. Their porous, low-density construction is the
primary reason for this restriction. These properties should be examined
in the future.

Currently, the lack of long-term practicability and cost-effectiveness
of MOF derivatives limits their potential for commercial applications,
and significant efforts are required to improve these products for
effective environmental cleanup and biogas storage. To develop an
economical route for commercial biogas and natural gas upgrading and
storage, the scaling of MOF synthesis using economical and abundantly
available petroleum raw materials can be an alternative to replace
expensive organic linkers. In addition, moisture-stable MOFs (e.g.,
fluorinated MOFs-ZIF-8, 67 and their mixtures) should be used for high-
capacity CO, removal. However, their high production costs and poor
yield delay the large-scale preparation of MOF precursors. In the near
future, close collaboration between scientists and industry should be
encouraged to bridge the gap between laboratory scale and industrial
outputs.

Future research should focus on understanding the kinetics of gas
adsorption and desorption in MOF-filled large columns, efficient pack-
ing of MOF particles, economical production, and increasing the reus-
ability of MOFs. In addition, it is necessary to improve the pore sizes and
volumes and expose the active sites more uniformly, particularly those
caused by collapsing porous structures. This review outlines and criti-
cally evaluates the most recent developments using MOF-based adsor-
bents for gas uptake and storage. The authors expect this review to
inspire researchers in the next stages of materials science and technology
to better understand the pore environment in MOFs as gas adsorption/
separation carriers.
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