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Abstract

Metal-organic frameworks (MOFs) are an emerging class of porous, crystalline materials constructed from metal ions or clusters connected by
multidentate organic linkers via coordination bonding, forming one, two, or three-dimensional networks. Due to their unique structural arrange-
ment, MOFs possess unusually large internal surface areas and permanent void structures. Consequently, they have received enormous interest in
recent years as highly versatile porous materials, leading to a wide range of potential applications, including gas storage, CO2 conversion, water
splitting, fuel cells, solar cells, and drug delivery. In this mini review, the synthetic methods, characterization techniques, and key applications of

MOFs are discussed.
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Introduction

The concept of Metal-Organic Frameworks (MOFs) was first
introduced in 1990; nowadays, they are among the most promising
materials. MOFs belong to a new class of crystalline materials
that consist of coordination bonds between metal clusters (e.g,
metal-carboxylate and metal-azolate clusters), metal atoms, or
rod-shaped clusters and multidentate organic linkers containing
oxygen or nitrogen donors, such as carboxylates, azoles, and
nitriles; thus, a three-dimensional structure is formed [1,2]. The
physical, structural, and morphological features of MOF networks,
including porosity, pore size, and pore surface characteristics, are
determined by the properties of both metal ions and organic linkers.
Furthermore, these features, along with the chemical properties of
the prepared frameworks, can be precisely controlled by adjusting
synthesis parameters such as the solvent system, pH, metal-ligand

ratio, and temperature [2]. Since MOFs possess high surface areas,
large pore volumes within uniformly sized pores, and high metal
content, they have emerged as promising materials for diverse
applications in energy storage, CO2 adsorption, hydrocarbon
adsorption/separation, catalysis, magnetism, drug
delivery, luminescence, and other areas [1], [3-6]. Initially, MOFs

were used to target Polycyclic Aromatic Hydrocarbons (PAHs) in

Sensors,

environmental water samples, but over time, their applications
expanded into analytical chemistry, including chromatographic
separation and sample preparation, with notable success in Solid-
Phase Extraction (SPE) and Solid-Phase Micro-Extraction (SPME).
This growth is supported by the potential to design and synthesize
an almost unlimited number of structures, making tunability one
of MOFs’ most distinctive features. Additionally, they have been
fabricated into various shapes, such as columns, fibers, and films,
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to address a wider range of analytical challenges and improve
performance. Furthermore, designing advantageous composites or
controllably incorporating defects has shown promise as a strategy
for enhancing desirable properties and improving stability and
reusability [2]. In this review, we assess the key MOFs widely used
across various applications. This work provides a quick screening
analysis of metal-organic frameworks, giving foundational
knowledge and serving as an accessible entry point for newcomers.
Based on extensive hands-on experience and a critical review of
the literature, our overview provides researchers with essential
insights into MOF synthesis, characterization, and applications.

Synthesis of Metal-Organic Frameworks
(MOFs)

Synthesis of MOFs involves creating a crystalline framework
by combining metal nodes and organic linkers under controlled
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conditions. Various methods are employed to control crystal
size, shape, porosity, and stability, including the Solvothermal,
Hydrothermal, Microwave-assisted, Ultrasound-assisted,
Mechanochemical, and Electrochemical methods (Figure 1). The
primary objective of synthesis is to produce MOFs with customized
structures and properties tailored for specific applications [1].
Conversely, patterning focuses on arranging and structuring MOFs
spatially on designated areas of a substrate. This can involve direct
growth or post-synthetic processing to create films, arrays, or micro-
and nanostructures. Patterning does not alter the fundamental
chemistry of the MOF; rather, it organizes it for integration into
devices such as sensors, membranes, and electronic or catalytic
systems, where shape, orientation, and thickness are crucial.
Overall, synthesis supplies the material itself, while patterning

prepares it for functional use [1] (Table 1).
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Figure 1: The typical synthetic strategies for MOFs and MOF composites: a) Solvothermal method; b) Hydrothermal method; c)
Microwave-assisted method; d) Ultrasound-assisted method; e) Mechanochemical method; f) Electrochemical method [7].
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Table 1: Generally, lists the benefits and drawbacks of major MOF production strategies [8].

Synthesis Method Strengths

Weaknesses

Hydro (solvo) thermal

i) 80°C - 250°C range temperature regime is used. ii) Heating and
cooling temperature ramping helps crystal growth, and this is the
most convenient method in bulk synthesis.

i) High prices to acquire pressurized/ sealed metal-
lic containers and heating equipment. ii) Increased
energy use. iii) Reactions can take a number of days

to end.
Electrochemical i) Fast and clean synthetic approach i) limited number of MOFs such as HKUST-1.
Mechanochemical i) Temperature, solvent, and pressure-free preparation approach. i) Secondary phases are usually obtained, and it is

ii) Only the mechanochemical force is utilized.

difficult to get single crystals for XRD.

crystallization time.
Microwave assisted

i) Energy-efficient method with improved yield and requires less

ii) Likelihood to control morphological structure, phase selectivity,
and particle distribution.

i) Difficult to produce single crystals and not easy
for industrial implementations.

Ultrasonic

nano-sized MOFs.

i) Uniform size of particles and morphological structure in short
time periods, and pure materials are efficiently isolated using
this method. ii) This is the appropriate technique to produce

i) Ultrasound waves break crystals and make it diffi-
cult to get large single crystals for XRD studies.

Characterization of the MOF’s Structure

Various validation methods are used to obtain a complete
identification of the structure, shape, and size of the synthesized
MOFs. The first characterization technique performed on the MOF
powder involves HRTEM (for mean particle size determination),
SEM (for Surface Morphology Identification), XRD (for crystallinity
and crystal size determination), and EDX (for elemental and purity
analysis), as shown in Figure 2a. The second characterization

technique carried out on the MOF suspension involves Fluorescence
Correlation Spectroscopy (FCS) for determining the hydrodynamic
diameter of labelled MOFs, Dynamic Light Scattering (DLS) for
identifying the particle size distribution, Zeta sizer for surface
charge calculation, and FTIR for determining functional groups,
as illustrated in Figure 2b. Additionally, some of the highly porous
MOFs structures, along with their schematics and SEM micrographs
(Figure 2c) [9].
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Figure 2: (a) Characterization of the MOF powder by 1 HRTEM, 2 SEM, 3 XRD, and 4 EDX analysis [9]. (b) Characterization
of MOFs suspension by 1 FCS, 2 DLS, 3 Zeta sizer, and 4 FTIR analysis [9]. (c) SEM micrographs and schematic interpretation
of different MOFs [8]. (d) Powder XRD patterns and SEM images of Zr- MOF using benzoic acid as the modulator in different

equivalent amounts, a) 30, b) 3, and c) 0 [10].
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Applications of MOFs

Due to their high porosity, suitable size, large specific surface
area, tunable structure, easy functionalization, and chemical
stability, MOFs have attracted extensive attention as promising
candidates for various applications ranging from the chemistry
industry, such as catalysis, adsorption, gas storage and separation,

Copyright© Kejian Wang

energy conversion and storage, electronics, sensing, to biomedicine,
e.g, therapeutic agents and bioimaging as illustrated in (Figure 3)
[11-13]. The materials we have included in the discussion mainly
comprise the mostwidely used, newly discovered, and effective ones
in their respective application areas so far. In-depth research into
the applications of these materials can enhance our understanding
of the practical and developmental aspects of MOFs.
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Figure 3: (a) Synthetic procedure of TCPC-UiO nano-MOF and schematic illustration of heat and 10, generation under laser
irradiation and combination therapy in vivo guided by CT/thermal/photoacoustic imaging [12]. (b) Applications of MOFs in
different sectors [14].

Conclusion and Future Outlook
Conclusion

Metal-organic frameworks have evolved from being a
conceptual material in 1990 to becoming one of the most promising
types of porous materials today. Their unique combination of high
surface area, tunable porosity, structural diversity, and functional
versatility has enabled applications in catalysis, energy storage,
gas separation, sensing, and biomedicine. The ability to precisely
control their synthesis parameters and analyze their structural
features has been key to their rapid growth. Moreover, the
development of advanced strategies such as composite formation,
defect engineering, and patterning has further expanded their
potential for real-world applications.

Future Outlook

Future MOF research must focus on six key areas: (1) scalable
and sustainable synthesis using green, solvent-free methods; (2)

improved stability by understanding degradation mechanisms;
(3) advanced in-situ characterization to connect structure with
performance; (4) new applications in energy devices, flexible
electronics, and theragnostic; (5) thorough toxicity assessment for
safe biomedical use; and (6) computational design with machine
learning for rapid discovery. With ongoing interdisciplinary
efforts, MOFs are poised to move from laboratory curiosities to
practical technologies that address global challenges in energy, the
environment, and health.
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