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Abstract

Porous materials have been gaining popularity in catalysis applications, solving the
current ecological challenges. Metal-organic frameworks (MOFs) are especially
noteworthy for their high surface areas and customizable chemistry, giving them
a wide range of potential applications in catalysis remediation. The review study
delves into the various applications of MOFs in catalysis and provides a compre-
hensive summary. This review thoroughly explores MOF materials, specifically
focusing on their diverse catalytic applications, including Lewis catalysis, oxidation,
reduction, photocatalysis, and electrocatalysis. Also, this study emphasizes the sig-
nificance of high-performance MOF materials, which possess adjustable properties
and exceptional features, as a novel approach to tackling technological challenges
across multiple sectors. MOFs make it an ideal candidate for catalytic reactions,
as it enables efficient conversion rates and selectivity. Furthermore, the tunable
properties of MOF make it possible to tailor its structure to suit specific catalytic
requirements. This feature improves performance and reduces costs associated with
traditional catalysts. In conclusion, MOF materials have revolutionized the field of
catalysis and offer immense potential in solving various technological challenges
across different industries.
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1 Introduction

Porous materials refer to substances that have interconnected voids or pores within
their structure [1-3]. Depending on the material and intended use, these voids range
in size and shape. Porous materials are commonly used in various applications, such
as filtration, insulation, catalysis, and drug delivery [4, 5]. The porosity of these
materials allows them to absorb and retain liquids or gases, making them useful in
many industries [6]. Some examples of porous materials include activated carbon,
zeolites, metal-organic frameworks (MOFs), and aerogels. Hybrid metal-organic
frameworks (MOFs) have attracted considerable attention recently because of their
potential use in numerous catalytic processes [7-9]. These materials are composed
of both organic and inorganic components, giving them unique properties that can
be tailored for specific chemical reactions. MOFs have shown promising results
in areas such as gas storage, drug delivery, and sensing, and their use in catalysis
is fascinating [10, 11]. By incorporating various metals into the framework struc-
ture, MOFs can serve as efficient catalysts for different reactions, including oxida-
tion, hydrogenation, and even carbon dioxide conversion [12, 13]. The versatility
of hybrid MOFs makes them an attractive option for researchers looking to develop
new and innovative catalytic processes.
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The MOF family of porous materials, often called porous coordination poly-
mers (PCPs), are constructed by connecting inorganic nodes with organic ligands
[14]. This unique integration provides MOFs with superior physicochemical prop-
erties, leading to substantial research interest worldwide [15]. MOFs are highly
porous structures with remarkable properties, including significant surface area, tun-
able pore size, and exceptional stability, allowing their wide-scale applicability in
environment and energy-related domains [7]. MOFs have demonstrated significant
potential as highly effective catalysts for various activities by offering active surface
sites enabling chemical processes with enhanced efficiency [16]. The size and diam-
eter of the pores in the MOFs are determined mainly by the length of the organic
ligands and the numerous interactions they set up with the metallic centers. This, in
turn, considerably affects the catalytic activity. However, the effective immobiliza-
tion of molecular catalysts in MOFs is attributed to the specific surface area and
volume of the pores that result from these ligands within the network.

The importance of MOF’s active sites from metal and acid/base sites on organic
linkers in catalytic applications is highly appreciable [17]. However, the limited
options for active sites significantly limit their applications. Still, MOF fabrica-
tions allow for the expansion of the source of active sites through pre-introduction
or post-synthesis engineering of metal clusters and organic linkers [18]. Addition-
ally, MOFs’ inherent ability to enclose various catalytically active species within
their pores further promotes efficient catalytic reactions. Moreover, functionalized
MOFs substantially facilitate catalytic applications owing to the expansive specific
surface sites, remarkable stability, and adjustable structural features [19, 20]. MOF
fabrication and production involve creating highly porous materials with various
applications. MOFs are particularly useful in treating wastewater contaminated with
metal ions, offering an efficient and sustainable solution for environmental remedia-
tion [21]. For example, MOFs can selectively adsorb heavy metal ions such as lead,
cadmium, and mercury from industrial wastewater, ensuring cleaner water resources
and preventing harmful pollutants from entering the ecosystem [22]. Moreover,
MOFs can potentially address the growing concern about plastic waste, including
PET plastics. Using MOFs in the recycling process, PET plastics can be broken
down and transformed into valuable products, reducing the environmental impact of
plastic pollution [23]. This innovative approach promotes recycling and waste man-
agement and contributes to the circular economy by converting waste materials into
new resources.

Some applications of these materials include their use as adsorbents in aqueous
solutions, owing to their unique properties, structural characteristics, and afford-
ability [24]. Researchers have recently begun using computational screening to
discover adsorbent materials from databases. This approach is practical because
of faster computers and improved synthesis of MOFs, enabling targeted design of
MOFs with high success rates [25]. Moreover, the rise of machine learning and big
data has enabled more efficient searching of MOF chemical space. High-throughput
computational screening can offer insights into structure-function relationships. A
high-throughput DFT workflow created the Quantum MOF Database, providing
quantum-chemical properties for thousands of MOFs. However, the PBE exchange-
correlation function can lead to errors in predicting electronic properties, especially
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band gaps. Methods to improve machine learning-predicted band gaps for inorganic
solids include training models on experimental data and conducting higher-accuracy
DFT calculations [26, 27]. Novel studies and approaches have been developed to
utilize new forms of energy derived from renewable sources. One such development
is using MOFs as electrochemical capacitors and fuel electrodes for rechargeable
batteries [28, 29]. Moreover, post-synthetic techniques can modify the structure
and porosity of MOFs, making the material more selective and more effective in
the CO, adsorption process [30, 31]; these modifications result in an efficient cata-
lytic process [32]. MOFs have played a crucial role in heterogeneous catalysis due
to their significant physical and chemical properties. Recent studies have demon-
strated that novel materials that exhibit properties similar to the parent MOF and
the added material can be developed by hybridizing external components with pre-
existing MOFs; these are used in many applications, such as drug delivery, catalysis,
detoxification, gas storage and separation, energy storage, sensing and lighting, pro-
ton conductivity, and supercapacitors [33—-38].

MOF hybrid materials have proven to be more effective than their parent mate-
rials. Hybrid MOFs are advanced materials that consist of metal ions or clusters
linked by organic molecules, resulting in a highly organized, porous crystalline
structure. The metal nodes usually consist of transition metals, which provide struc-
tural integrity and coordination sites [39]. Organic linkers, often featuring functional
groups, connect the metal centers and define the framework’s topology and poros-
ity. This specific combination allows for a wide array of arrangements, resulting in
MOFs with specific pore sizes and chemical functionalities that can be tailored for
various applications. The versatile nature of hybrid MOFs results in numerous prac-
tical applications, particularly in gas storage, separation, and catalysis [40]. Their
large surface area and adjustable pore sizes make them exceptional candidates for
capturing gases such as carbon dioxide or hydrogen, supporting energy storage and
environmental remediation efforts. The functionalization of organic linkers enables
selective adsorption and chemical reactions, thus enhancing their function in cataly-
sis and drug delivery systems. As research in this field advances, hybrid MOFs con-
sistently demonstrate potential for new applications across diverse industries, from
renewable energy technologies to pharmaceuticals [15]. In catalysis, hybrid MOFs
can provide active sites for chemical reactions, facilitating oxidation, reduction, and
organic synthesis processes, thus contributing to greener chemical manufacturing
methods.

Materials such as metals, metal oxides, nanomaterials, covalent-organic frame-
works, carbon tubes, rods, enzymes, and acids have been designed as catalysts [41,
42]. Each material has its unique properties for specific reactions. For example, plat-
inum is commonly used as a catalyst in catalytic converters to reduce harmful vehi-
cle emissions [43]. Enzymes are often used in the food industry to speed up reac-
tions and improve product quality. The choice of catalyst depends on factors such as
reaction conditions, reaction rate, and selectivity. By carefully selecting the appro-
priate catalyst, industries can improve efficiency and reduce costs while minimizing
environmental impact. MOF catalysis is an important emerging approach that has
recently gained significant attention [44, 45]. MOF catalysis is particularly neces-
sary when specific reactions are too slow to be practical and require intervention
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to expedite the process. MOF catalysis provides an efficient and effective means of
accelerating reactions and achieving desired outcomes in various settings, includ-
ing industrial applications and scientific research [46]. Furthermore, ongoing
research into hybrid MOFs is uncovering new functionalities and improving their
performance across different applications. Advances in synthesis techniques and
computational modeling are enabling the design of MOFs with specific character-
istics tailored for targeted uses. Therefore, hybrid MOFs are becoming increasingly
important in addressing global challenges, such as energy storage, environmental
remediation, and drug delivery [47]. Their adaptability and multifunctionality posi-
tion them as a promising class of materials in the quest for sustainable solutions and
innovative technologies. Without this indispensable tool, our ability to achieve goals
would be significantly hindered as we could not do so as efficiently or effectively.

Recently, there has been a lack of comprehensive reviews focusing on the cat-
alytic applications of MOFs [48-51]. Most of these reviews are limited in scope,
typically addressing a singular catalytic process without offering a thorough anal-
ysis. This review delves deeply into MOF materials, specifically concentrating on
their diverse catalytic applications ranging from oxidation, reduction, Lewis’s cata-
lyst, and photocatalysis to electrocatalysis. It accentuates the specificity and novelty
inherent in these materials while examining their advantages and limitations. The
insightful discourse presented within this review distinguishes it as an exemplary
contribution to the field, offering invaluable insights to researchers and practitioners.
This exploration delves into the potential of MOFs in emerging catalytic applica-
tions, serving as a prospectus to investigate the scalability and commercial viability
of MOFs for industrial use in catalytic processes aimed at reducing environmental
issues.

2 MOF Material Design

Metal, organic ligands, and carbon-based materials are required to create primary
MOF material for catalysis applications [52]. These materials have been made with
porous and compatible composite materials based on metal, carbon, and biomol-
ecules [7, 53]. Various multidimensional materials have been used for MOF fab-
rication. The structural design of MOFs involves using organic molecules called
ligands, which coordinate with metal ions to form the framework. These ligands can
be chosen based on their size, shape, and chemical functionality to tailor the proper-
ties of the MOFs [54]. Additionally, linkers are used to connect the metal ions and
create a three-dimensional network of the MOFs. Linkers can vary in length and
composition, affecting the MOF’s stability and porosity [55]. Therefore, carefully
selecting ligands and linkers is crucial in designing MOFs with desired properties
for specific applications.

MOFs can be prepared using various methods (Fig. 1), including slow evapora-
tion, solvothermal reactions, microwave-assisted synthesis, electrochemical synthe-
sis, mechanochemical synthesis, and sonochemistry [S6-58]. Slow evaporation is a
simple method that takes longer but can be done at room temperature [59]. Solvo-
thermal reactions use high-pressure vessels and organic solvents to create unique
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Fig. 1 General MOF synthesis and fabrication for developing composite platforms

morphologies. Microwave-assisted synthesis is fast and involves heating a solution
with microwaves for about an hour [60]. Electrochemical synthesis offers continu-
ous production without metal salts. Mechanochemical synthesis uses mechanical
force to create chemical reactions without solvents. Sonochemistry uses ultrasound
to speed up crystallization time [61].

Among these common synthesis techniques, solvothermal synthesis involves dis-
solving metal salts and organic ligands in a solvent at elevated temperatures, allowing
for better crystallization. This method usually yields high-quality crystals but may be
time-consuming and require precise temperature control. However, hydrothermal syn-
thesis uses water as the solvent, enhancing the solubility of certain precursors [62, 63].
It often yields larger crystals with greater porosity but may lead to the formation of less
stable frameworks due to the reaction conditions. Microwave-assisted synthesis is pop-
ular for its quick and even heating, resulting in shorter reaction times and potentially
lower energy usage. However, it may lead to defects if not carefully optimized. Elec-
trochemical synthesis offers precise control over MOF growth but requires specialized
equipment and may not be suitable for all frameworks. The choice of synthesis method
for MOFs depends on the application and desired characteristics, balancing factors like
cost, time, and scalability against the quality and functionality of the final product. It
is essential to tailor the synthesis approach to the specific requirements of the intended
application. Furthermore, some organic solvents can break down or hydrolyze into
other compounds when exposed to high temperatures [64]. Over the past decade, vari-
ous novel solvent systems have synthesized crystalline MOFs, including ionic liquids,
deep eutectic solvents, and surfactants. All these factors can lead to health and environ-
mental concerns. To create new MOFs, it is crucial to use different reaction media that
have low vapor pressure and are non-toxic, biodegradable, nonflammable, recyclable,
and affordable. Typically, from simulation methods, GCMC is employed to corroborate
the equilibrium adsorption isotherms [65], while MD helps investigate the diffusion
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of gas molecules within the MOFs. The designed MOFs can also be used to study the
effect of different parameters such as temperature, pressure, and pore size to understand
and optimize MOF-based applications.

High throughput production of MOFs has been achieved using various tech-
niques, including experimental and computational processes, optimizing synthe-
sis conditions such as temperature, pressure, and time [66]. Adjusting temperature
influences crystal growth rate, pressure impacts porosity, and time affects kinetics.
Advanced techniques like microwave-assisted synthesis and continuous flow reac-
tors improve speed and scalability. Implementing automated systems for precise
control is crucial, and developing screening assays for quick evaluation of MOF
properties is important. Combinatorial approaches expedite the exploration of vari-
ous MOF compositions. This high-throughput synthesis, combined with screening
techniques, efficiently navigates the vast landscape of MOF materials [67]. High-
throughput predictions of MOFs electronic properties include theoretical chal-
lenges, graph neural networks, and data exploration. MOF design attracts interest
because of its unique structural features and prospective applications. These porous
three-dimensional (3D) structures involving metal ions or clusters linked by organic
ligands can be altered and fine-tuned by adjusting the linkers used in their construc-
tion. By modifying these organic connectors’ chemical structure and composition,
researchers can manipulate various aspects of MOF behavior, such as surface area,
thermal stability, pore size, and gas adsorption capacity. This level of control over
MOF properties opens up exciting possibilities for designing tailored materials with
specific functions and characteristics for use in various fields such as catalysis, sens-
ing, separation, and energy storage [68—70].

MOFs’ important aspect is their morphology, which refers to the shape and struc-
ture of the material. MOFs have many morphologies, including cubes, spheres, rods,
and more complex shapes [71, 72]. MOFs’ dimensions vary widely, from nanoscale
structures to larger particles. Tailoring catalysis requires MOF shape and dimen-
sion control. Understanding the variables that affect the morphology and dimensions
of MOFs has enabled the development of advanced tools in this field, and it has
allowed the development of MOFs as composites of novel materials with improved
functionality and performance.

MOFs are designed for catalysis applications because of the exceptional features
such as (1) presenting coordination sites on the metal nodes, (2) catalytic sites being
found on the linkers, (3) the incorporation of defects, and (4) encapsulating addi-
tional catalytic sites such as enzymes, organometallic molecules, and metal nanopar-
ticles to produce multifunctional sites [45, 52, 73]. However, critical points such as
instability, lack of coordination between nodes and linkers, and risk to moisture are
still certain factors that limit their application in catalysis.

3 MOFs as Catalysts
MOFs’ promising applications in heterogeneous catalysis include biomass conver-

sion into biofuels and synthesizing value-added chemicals. Additionally, integrat-
ing metal nanoparticles into MOFs can enhance their catalytic performance by
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providing additional active sites and improving mass transport. As research in this
field advances, more innovative uses for MOF-based catalysts in various industrial
processes are developing and fetching researchers’ interest [16, 74]. However, when
incorporated with other compounds, the resultant materials formed from MOFs
exhibit a significantly more durable structure, tunable porosity, and expanded sur-
face area, which are crucial for an appropriate catalyst. Loaded with the above
unique characteristics, numerous MOFs such as MOF-74, ZIF-8, CPO-27, UiO-66,
CuBDC (HKUST-1), MIL-53, and MIL-101 have been most thoroughly studied as
catalytic MOF structures during the past decade [44, 75-77].

3.1 Lewis Acid Catalyst

MOFs act as Lewis acids that can accept an electron pair from another species.
MOFs possessing the features of Lewis acids can significantly promote chemi-
cal reactions in catalysis by activating reactant molecules and stabilizing transi-
tion states [78]. MOFs are effective Lewis acid catalysts for distinct reactions, such
as the Diels-Alder and Friedel-Crafts reactions. By tailoring MOFs’ metal center
and ligand structure, it is feasible to fine-tune their catalytic properties for specific
applications. Overall, MOF-based Lewis acid catalysts offer great potential in sus-
tainable chemistry for developing efficient and environmentally friendly processes.
For instance, de Vos and coworkers described the catalytic cross-aldol reaction
between heptanal and benzaldehyde employing a bifunctional acid—base MOF, UiO-
66(NH,), possessing a ZrsO,(OH), cluster with an amine group-containing ligand.
Notably, Zr(IV) acted as a Lewis acid site, while amino groups served as basic func-
tional groups that promoted/facilitated [79].

Besides, NH,-MIL-101(Al) MOFs with Lewis acid (AI(III)) and Lewis base
(amino group) sites may catalyze tandem Meinwald rearrangement-Knoevenagel
condensation (Fig. 2). NH,-MIL-101(Al) is a strong crystalline material made with
amino ligands and AI** clusters. The amino groups act as bases, and the AI’* centers
act as catalysts. The material can be used for Knoevenagel condensation and tandem
transformations [80]. Horiuchi et al. described a Knoevenagel condensation reac-
tion, including the catalytic effect of the same MOF on catalyzing deacetalization.
The first step involves deacetalization of benzaldehyde dimethyl acetal, facilitated
by a Lewis acid AI>* center. The second step, known as the Knoevenagel reaction, is
catalyzed by a Lewis base amino group [81].

The synthesis of benzylidene malononitrile and the Knoevenagel condensation
of benzaldehyde and malanonitrile were carried out cost-effectively employing a
hybrid structure produced using Zn-MOF with a melamine and terephthaldehyde-
based covalent organic framework (COF). The proposed catalyst exhibited superior
reaction time and performance under specific conditions compared to the previously
described catalyst (we need to be specific about the superior outputs) [82]. In an
interesting work, Tu et al. demonstrated that the FDM-3-7 (FDM =Fudan mate-
rial), which is mesoporous and has trinuclear Cu-based pyrazolates coupled with
Zn-based units, functioned as a catalyst for the deprotonation of H,0, as well as
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the oxidation of CO and benzyl alcohol (Fig. 3). The catalytic activity of Cu-based
pyrazolates is attributed to the reversible redox reaction of trinuclear Cu sites [83].
Cuy(BTC), (BTC: 1,3,5-benzene tricarboxylic acid) is one of the widely
researched, highly selective Lewis acid catalysts. Its application includes applying
it as a reusable catalyst in the Fridel-Craft alkylation of indole with B-nitrostyrene
[84], the reaction between silanes and pinacolboranes that produces borosiloxanes
[85], and the Friedlander reaction, which is involved in the production of tacrine
analogs [86]. Han et al. [87] described using MIL-100(Fe) as a highly concentrated
Lewis acid catalyst with several Lewis centers for the acetalization of benzaldehyde
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ponent MOFs with different topologies were synthesized. Mesopores in FDM-3-7 are shown as yellow
and orange spheres. R=COO or NN. b Interchangeability of Cu valences in the frameworks of FDM-3-
7. ¢ Aerobic oxidation of benzyl alcohol and TMBA using FDM-3-7. Reproduced with permission from
[83] Copyright ©2017, American Chemical Society

with methanol. Wang et al. achieved 100% ozone conversion efficiency for over
100 h at 45% relative humidity using the same catalyst. Furthermore, it catalyzed
the conversion of fructose into lactic acid [88, 89]. Hou et al. developed a MOF with
a honeycomb structure, namely BDPO, which refers to N, N'-bis (isophthalic acid)-
oxalamide, also known as H,BDPO. The MOFs possess unsaturated metal sites such
as Lewis acids and basic oxalamide groups. This MOF exhibits excellent adsorption
selectivity for C,Hy, C,H,, and CO, over CH,, owing to its diverse active sites. The
catalyst can be reused, enhancing its practical applications [90].

MOFs are used as nanocatalysts to convert CO, into various chemical prod-
ucts, including methane, methanol, ethanol, olefins, heterocycles, and oligom-
ers. Due to their unique features, such as tunable porosity, uniform structure, and
greater internal surface area, these materials are known for accelerating reactions
of great importance [91]. The synthesis of a 2D tetragonal MOF with high poros-
ity and flexibility was achieved using Zn metal, Zn(NO3),-6H,0, and two large
size linkers, 1,3,5-tri(1H-benzo[d]imidazol-1-yl)benzene (TBIB) and 1,3,5-tris(4'-
carboxyphenyl-)benzene (H;BTB), under hydrothermal conditions. The resulting
MOF is denoted as ([Zn,(TBIB),(HBTB),] 9DMF 19H,0),. It catalyzes with vari-
ous characteristics for the chemical conversion of CO, into cyclic carbonates and the
production of quinoline derivatives using the Friedldnder reaction [92]. Farha et al.
successfully synthesized four isostructural mesoporous MOFs, specifically M-NU-
1008, using a combination of transition metals (Zr and Hf), lanthanide (Ce), and acti-
nide (Th) [93]. The hexanuclear metal cluster nodes present in these MOFs function
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as Lewis acidic sites, facilitating the fixation of CO,. The facilitated dissociation of
water molecules is ascribed to the enhanced catalytic capability of the metal nodes.
Among these four, Ces-based MOFs demonstrated great potential as Lewis acid cat-
alysts for CO, cycloaddition reactions. Copper and calcium-based MOFs were uti-
lized by Koja et al. as catalysts in the esterification and trans-esterification processes
to produce biodiesel from waste cooking oil (WCO) [94]. Rai et al. reported the
synthesis of a three-dimensional Cu(II)-MOF, ([Cu,(L)(H,0),]-(3DMF)(4H,0)),,
which possesses Lewis acid-base dual functional sites (Fig. 4). The water molecules
were removed from the metal centers, allowing the open metal centers to engage in
the catalytic conversion of CO, into cyclic carbonates under solvent-free conditions
[95].

In their study, Guo et al. utilized three different MOF materials—UiO-66, MIL-101,
and MOF-5 to investigate the impact of Lewis acid sites on MOFs during the CO ester-
ification process for dimethylcarbonate production. Based on the results, Pd(I)/UiO-
66 exhibits superior catalytic activity compared to the other two catalysts. This can
be attributed to many Lewis acid sites [96]. In a recent study, Lin et al. demonstrated
the effectiveness of a dimension reduction technique in enhancing the accessibility of
Lewis acid sites and prolonging the lifetime of a 2D-MOF Zr,OT{-BTB catalyst. The
MOF facilitates sterically hindered multicomponent reactions (MCRs) that result in
the production of aziridine carboxylate and tetrahydroquinoline derivatives with high
turnover numbers (TONs) [97]. He et al.developed a new Tb-MOF by combining
Tb(II) with Hysbde (H,sbdc=5,5-dioxo-5H-dibenzo [b,d]thiophene-3,7-dicarboxylic
acid). It has been demonstrated that the close proximity of the substrate to the Lewis
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Fig.4 Proposed mechanism for the chemical fixation of CO, catalyzed by Cu-MOF. Reproduced with
permission from [95] ©2020 Elsevier Ltd. All rights reserved
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acid catalytic sites enables (Tb-MOF) to function as a highly efficient heterogeneous
catalyst for the cyanosilylation of aromatic aldehydes under solvent-free conditions
at room temperature [98]. In an innovative investigation, Jones et al. were pioneers in
utilizing MOFs as a catalyst for the Garcia Gonzalez reaction, exploring the potential
of different carbohydrates. They developed UiO-66, utilizing trifluoroacetic acid as a
modulator. They utilized a range of linkers during the synthesis process. The mate-
rial was subsequently tested as a catalyst for converting sugars into polyhydroxy and
c-glycosyl furan compounds. The research findings showed that UiO-66-NO,-20 and
Ui0-66-H-20 were highly effective catalysts for converting sugars into polyhydroxy
and C-glycosyl furan [99]. In a study conducted by Mandal et al. [82], the Lewis acidity
of Zn-based MOF (Zn-CBS) and its Zn nanostructure were examined for their poten-
tial in catalyzing the Knoevenagel condensation reaction, Friedel-Crafts alkylation, and
Strecker reaction. They explained that the catalytic activity of Zn-CBS is attributed to
its bifunctional character [100].

An MOF containing Co with exposed Co sites was successfully synthesized and
modified to regulate the active centers responsible for catalyzing various CO, conver-
sions. Careful control of the active centers has achieved a significant 2.4-fold increase
in oxazolidinone yield [101]. A recent report by Maurin et al. discussed a novel MOF
known as MFM-300(Sc). This particular MOF has open metal sites that are not perma-
nent and display catalytic properties. Through the Strecker hydrocyanation reaction, the
successful demonstration of the reaction between N-benzylideneaniline and TMSCN
resulted in the formation of 2-phenyl-2-(phenylamino)acetonitrile. Utilizing the switch-
able metal sites found on the MOF can facilitate this reaction [102]. In recent research,
Zhao et al. [85] explored the catalytic properties of Zn-ZrMOF for detecting profeno-
fos in vegetables, finding it comparable to organophosphorus hydrolase. Based on the
study, the Zn-ZrMOF catalyst has Lewis acid-base sites that can break the P-O bond of
profenofos [103].

The unique structural features of MOFs allow for accommodating reactant mol-
ecules within their pores, facilitating efficient catalysis. Furthermore, modifying the
organic ligands and metal nodes in MOFs enables designing catalysts with tailored
properties for specific reactions. In addition to their catalytic applications, MOFs have
shown promise in environmental remediation and gas separation processes. By leverag-
ing their Lewis acid properties, MOFs can selectively adsorb and remove pollutants
from water or separate gas mixtures based on molecular size and affinity. This versatil-
ity underscores the significance of MOFs as Lewis acid catalysts in advancing various
technological and scientific endeavors. The utilization of MOFs as Lewis acid catalysts
represents a burgeoning area of research with vast potential for innovation and advance-
ment. With their customizable structures and exceptional catalytic performance, MOFs
continue to captivate researchers seeking novel catalysis solutions.

3.2 Oxidation Catalyst
MOFs have emerged as an up-and-coming platform for developing oxidation cat-

alysts consisting of linked metal ions or clusters. These catalysts play a vital role
in enabling chemical reactions involving electron transfer, which are essential for a
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wide range of industrial processes, including producing chemicals and fuels. As ver-
satile inorganic-organic hybrid materials, MOFs can be specifically tailored at the
molecular level. In addition to functional organic linkers, certain polyoxometalate
(POM) clusters may serve as inorganic linkers for developing targeted MOFs that
exhibit unique properties [104]. Using MOFs as catalysts, a wide range of organic
and inorganic reactions can be performed more efficiently and selectively, opening
up many exciting possibilities [105]. Over the past few years, countless MOF mate-
rials have been developed that address a range of oxidation reactions, with a par-
ticular focus on alcohol, carbonyl compounds, carbon monoxide, sulfur derivatives
[106], and other hazardous pollutant oxidation in the environment [107, 108].

In a recent study, Li et al. [86] demonstrated the synthesis and catalytic prop-
erties of Rus/CN, which was obtained from Ru;(CO),-ZIF. This catalyst, Ru;/CN,
exhibits an impressive conversion capacity of 100% and a remarkably high turnover
frequency for the oxidation of 2-aminobenzyl alcohol. This can be attributed to uni-
form Ru; clusters, which serve as highly efficient sites for improved performance
[109]. In 2020, a team of researchers led by Kim developed a unique type of MOF
with specialized ligands. These ligands contain 2,2,6,6-tetramethylpiperidin-1-yl)
oxyl (TEMPO) groups, which act as active sites for the oxidation of alcohols to
ketones when oxygen is present. The MOF, UiO-67-TEMPO-CS, was analyzed to
reveal its structure, which consisted of an UiO-67 core with TEMPO and a pure
UiO-67 shell. Their research has revealed that the reactions occur exclusively within
the pores of the catalytically active core because of selective permeability and sur-
face deactivation effects [110]. Using bimetal-organic frameworks (Co/Fe biMOFs)
as a template, porous cobalt ferrite nanocrystals (CoFe,O,NC) were successfully
synthesized. Bisphenol-A (BPA) is effectively degraded by the mesoporous catalyst
with a large specific surface area, which activates the oxidant peroxymonosulfate
(PMS). The degradation process accelerates as the original solution pH, catalyst
dosage, and PMS dosage increase. The enzyme particulate methane monooxygenase
(pPMMO) catalyzes the oxidation of CH, to CH,OH [111].

Baek et al. successfully developed and synthesized a catalyst called MOF-
808-Bzz-Cu in their study. This was achieved through post-synthesis modifications
of MOF-808. These copper-oxygen complexes, known as bis(-oxo) dicopper spe-
cies, were used to stabilize and bind to biologically important imidazole moieties
like I-histidine (His), 4-imidazole acrylic acid (Iza), and 5-benzimidazolecarbox-
ylic acid (Bzz). Under isothermal conditions at 150 °C, the catalyst demonstrates
remarkable selectivity in converting methane to methanol [112]. Bhadra et al.
explored using MOF-based catalysts to oxidize sulfur and nitrogen in fuels, high-
lighting their effectiveness in this process. Various MOFs such as Ti, V, Co, Zr, Cr,
and Fe ions have shown remarkable effectiveness in catalysing oxidative desulfuri-
zation (ODS). Various MOFs, including different types such as pristine, compos-
ite, bimetallic, and active species-loaded ones, can potentially be used as precursors
for synthesizing highly effective oxidation and dehydrogenation catalysts [113]. Yu
et al. employed the MOF template approach to produce several MnCoO,/CN cata-
lysts, varying the molar ratios of Mn/Co. They employed bimetal MOFs [MnCo-
BDC-DABCOQO] as the precursor for this purpose (Fig. 5). The Mn,CoO,/CN catalyst
exhibited excellent catalytic activity and lowered activation energy in the oxidation

@ Springer



3 Page140f36 Topics in Current Chemistry (2025) 383:3

process of formaldehyde (HCHO) to carbon dioxide (CO,) and water (H,0) at room
temperature [114].

Using Ce-based MOFs, Chen et al. developed bimetallic oxides, CeO,-CuO and
Ce-Cu-Ox. Due to the difference in interaction between Cu and CeO, species, they
have different defect sites and redox properties [115]. Xiao et al. conducted a study
on carbon-supported Cu—Co oxide catalysts (Cu—Co/C) with spinel structure and dif-
ferent Co compositions. They utilized Co-doped Cu-based MOF ((Cu;(BTC),-3H,0
precursor) as the starting material for their research. Because of its wide specific
surface area, a substantial amount of surface chemisorbed active oxygen, and a high
ratio of Co**/Co®*, the catalyst CuCo,s/C material demonstrated good catalytic
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performance and water resistance in the catalytic oxidation of toluene [116]. Lyu
et al. conducted a DFT study to investigate the catalytic efficiency of a mixed metal
platform using MIL-100 MOF with various metals (Al, Sc, Ti, V, Cr, Mn, Fe, Co,
Ni, Zn, Ru) to oxidize NO to NO,. According to calculations, the catalytic activ-
ity of NO oxidation is enhanced in the Ru(III)/Fe(III) mixed metal MIL-100 [117].
Li et al. have shown the use of Ru@MOFs containing ultra-fine Ru nanoparticles
(<2 nm) as the catalyst for aerobic oxidation of monoalcohol and diols to acetal.
Ru nanoparticles within the MOF structure facilitate the oxidation of alcohol to
aldehyde. The acetalization reaction occurs specifically on the active sites within
the MOFs. The catalytic activity and selectivity towards acetals exhibit an ascend-
ing trend from Ru@MOF-808(Zr) to Ru@MIL-100(Al) to Ru@MIL101(Cr) [118].
For oxidizing volatile organic compounds, He and coworkers reported on two highly
effective MOF-based Co;0, catalysts with different shapes: the spherical Co;0,-S,
produced from MOF-39, and the rod-like Co;0, (Co;0,4-R), produced from MOF-74
(Fig. 6). The study demonstrated that the rod-shaped Co;0,-R exhibited enhanced
catalytic efficiency in the oxidation of o-xylene, with a lower T90% value, higher
stability, and enhanced resistance to water compared to the spherical Co;0,-S [119].

Keggin hetero polyacid/Ni-MOF composite catalysts (HPW/Ni-MOF, HSiW/Ni-
MOF, and HPMo/Ni-MOF) were successfully produced by a one-pot solvothermal
method. This involved immobilizing phosphomolybdic acid, tungstophosphoric acid,
or silicotungstic acid on Ni-MOF. The catalytic performance was assessed using
chemically regulated tests for fatty acid esterification [120]. Several rod-shaped
Cu-Mn oxides with multiple interfaces have been developed by the pyrolysis of Cu/
Mn-BTC for acetone oxidation. This resulted in the formation of the highly prom-
ising HPMo/Ni-MOF stable species. The CuMn,O, catalyst demonstrated excep-
tional catalytic efficiency (T90=150 °C), which is attributed to more active oxygen
species, defective sites, high water resistance, and long-term stability. It efficiently
catalyzes the oxidation of acetone to CO, and H,O, making it a suitable catalyst
for removing oxygenated VOCs under high humidity [121]. The catalytic activity of
several types of CeO,/Co;0, mixed nanocomposites, which were developed from
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Fig.6 The catalytic oxidation of o-xylene over MOF-based Co;0, with varying shapes, a schematic of
the catalytic mechanism. This mechanism demonstrates breaking down the reaction into its components
at a spherical or rod-shaped MOF-based Co;0,. Produced with permission from [119] Copyright ©2021
American Chemical Society

@ Springer



3 Page160f36 Topics in Current Chemistry (2025) 383:3

doping of CeO, in parent ZIF-67 base, was evaluated for the oxidation reactions of
CO and C,H, [122]. Using the hydrothermal method, Liao and coworkers success-
fully developed a novel titanium-based MOF material, NH,-MIL-125. This material
demonstrates exceptional desulfurization efficiency when exposed to a temperature
of 1500 °C. The DFT analysis revealed the role of hydrogen bonding and n-x stack-
ing in the process. The NH,-MIL-125@150 °C material exhibits varying adsorp-
tion and removal capacities for sulfur-containing compounds (SCCs), following the
order of DBT >4,6-DBT > BT [123]. Salimi and coworkers have published an arti-
cle on the synthesis of Co-ZIF (ZIF-67) using Co;0, NPs in N-doped porous car-
bon (Co;0, NPs@N-PC) materials. It is highly effective at catalyzing the antibiotic
sulfamethoxazole (SMZ) breakdown. The nano-design demonstrates non-toxic prop-
erties, has a high specific surface area, and efficiently activates peroxymonosulfate
(PMS) over a wide pH range (2-10) at different temperatures [124]. In their study,
Maleki et al. effectively developed bimetallic MOF thin films (UiO-66-sal-Cu(OH),)
using the post-synthesis technique (PSM). This catalyst is designed to efficiently
oxidize olefins while being recyclable and environmentally friendly [125].

MOFs have shown great potential in catalyzing the oxidation of organic pollut-
ants in wastewater treatment processes. For instance, MOFs loaded with transition
metal ions can effectively degrade organic dyes through oxidation reactions, demon-
strating their versatility in environmental remediation applications. The unique prop-
erties of MOFs, such as their porosity and large surface area, enable them to adsorb
organic molecules and facilitate their oxidation, leading to the removal of harmful
contaminants from water sources [126, 127]. In addition to their catalytic applica-
tions, MOFs have been explored in other fields, such as gas storage, separation, and
sensing. Their ability to adsorb and release gases selectively has made them valu-
able in storing and separating gases like hydrogen or methane. Furthermore, MOFs
integrated with sensing components can detect specific molecules or ions, offering
potential uses in environmental monitoring or medical diagnostics.

3.3 Reduction Catalysts

MOFs have become an exciting novel material showing great promise as catalysts
for reduction reactions. Thanks to their porous and highly structured network, these
materials offer distinct properties that can be utilized in various catalytic applica-
tions to facilitate reduction reactions. MOFs are highly efficient in facilitating the
removal of oxygen atoms, making them an excellent option for catalysts in reduc-
tion reactions. With their exceptional characteristics, MOFs offer a promising option
for a wide range of applications in the field of catalysis [128, 129]. Various cata-
lysts incorporating MOFs have been employed to facilitate reduction reactions,
such as hydrogenation reactions, involving nitro compounds, aldehydes, imines,
and ketones. The synergistic interaction between metal nodes and ligands of MOFs
enhances the catalytic performance in hydrogenation.

In a recent study, Qiu et al. reported the synthesis of novel Co@N-C nano-
catalysts. These nanocatalysts are synthesized by directly carbonizing a Co-con-
taining MOF structure. The C-N matrix acts as a catalyst for the conversion of
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4-nitrophenol to 4-aminophenol in the presence of NaBH,, utilizing Co nanopar-
ticles that are distributed on its surface. This conductive layer facilitates the pro-
vision and transportation of electrons for the catalytic reduction reaction [130].
Three Pt@MOF catalysts, including Pt-ZIF-8, Pt-@ZIF-67, and Pt-@UiO-66,
were developed using different pore sizes and metal sites. These catalysts were
then tested for their ability to selectively hydrogenate two linear unsaturated alde-
hyde molecules with varied chain lengths. The findings indicate that Pt@ZIF-67,
including Co-N clusters, had a greater conversion rate compared to Pt@ZIF-8§,
which contained Zn-N clusters, in the hydrogenation reaction of the linear unsat-
urated aldehydes molecule [131]. Farha et al. provided valuable insights into the
effect of the MOF microenvironment. They developed eight MOFs using Zr or
Hf-based nodes and used them as a platform for depositing one Ni atom per node,
forming Ni-M-NU1XXX catalyst species. The catalytic activity of all nickel cata-
lysts supported by Hf-based MOFs is shown to be greater for the hydrogenation
of ethylene [132].

The hydrogenation reduction reaction, which involves the conversion of aro-
matic nitro compounds into aromatic amines, was facilitated by a porous and sta-
ble Co—N/C nanocomposite. This composite was developed through the pyrolysis of
Co(2-methylimidazole), MOF. The catalytic activity is attributed to the high cobalt
(Co) concentration, with the dominant form being the highly active p-Co [133]. In
their review, Wang et al. thoroughly examined the catalytic capabilities of catalysts
based on MOF materials-including N-doped carbon materials, transition-metal phos-
phides and sulfides, and catalysts based on chemoselective hydrogenation of nitro
groups in the presence of one or more reducible groups (C=C, C=C, C=0, C:=N)
in this particular application. Selected hydrogenation of the carbon—oxygen group
in the presence of the carbon—carbon group is a challenging procedure that converts
o,p-unsaturated aldehydes into unsaturated alcohol [134]. Zhao et al. experimented
to evaluate the catalytic effectiveness of Pt-based nanostructures, specifically MIL-
101 @Pt@MIL-101. The nanostructures are composed of Pt nanoparticles sand-
wiched between a core and a shell composed of MIL-101 (with M being Fe** or
Cr*"). The study demonstrated an evaluation of the efficacy of these nanostructures
in converting various types of a,fB-unsaturated aldehydes into unsaturated alcohols.
The findings revealed that the nanostructures had a notable level of effectiveness
and greatly enhanced specificity towards unsaturated alcohols [135]. An ultrathin
N-doped graphene nanomesh (NGM) containing highly exposed Fe-N, active sites
developed from iron phthalocyanine (FePc) exhibits exceptional oxygen reduction
reaction (ORR) activity in water (H,O) [136]. In 2022, a research paper was pub-
lished by Dhanabalan et al. regarding a hybrid nanostructure composed of Ti-MOF/
MoS,. The researchers revealed that this nanostructure is a durable and recyclable
catalyst for converting the hazardous compound 4-nitrophenol (4-NP) in wastewa-
ter into 4-aminophenol (4-AP). The reduction reaction occurs in the presence of
NaBH,. The process consists of multiple stages, including adsorption, reduction,
and desorption. Throughout these steps, the active surface of Ti-OF/MoS2 enables
efficient electron transmission. The Ti-MOF/MoS, hybrid nanostructure exhibits
exceptional catalytic activity in organic reactions, as demonstrated by its ability to
efficiently reduce 4-NP to 4-AP using NaBH, as the reducing agent (Fig. 7) [137].
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Recently, Ruan et al. developed an ultrathin bimetallic MOF and used it as a cata-
lyst to reduce 4-NP into 4-aminophenol. The bimetallic Cu-NiMOF showed a quick
reduction time of 15 s. This can be attributed to Cu doping, which changes the elec-
tron density distribution [138]. Shim and coworkers have synthesized Ce-MOF and
Ce-MOF-based CeO, catalysts by annealing and investigated their catalytic activ-
ity in reducing methylene blue (MB) and rhodamine B (Rh B) in the presence of
NaBH,. The latter shows promising catalytic activity compared to the former, with
a 90% reduction of the substrate within 8 min [139]. Shen et al. developed a novel
catalytic sensing device based on Cu-BTC-MOF to detect gaseous formaldehyde.
The catalytic activity of the material is enhanced when it comes into contact with
the substrate o-phenylenediamine, which has an NH, group. This interaction results
in the formation of a colored luminescent compound [140].

MOFs have shown great potential in reducing nitro compounds to primary
amines, a key reaction in synthesizing pharmaceuticals and fine chemicals. The
unique structure of MOFs allows for precise control over the reaction conditions,
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Fig.7 a—c Absorption spectra for conversion of the 4-NP to 4-AP test using MOF, MoS,, and Ti-MOF/
MoS,. d Colorimetric results for conversion of 4-NP to 4-AP using Ti-MOF/MoS, catalysts. Reproduced
with permission from [137] ©2022 The Authors. Published by Elsevier B.V
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leading to enhanced selectivity and yield of the desired products. Additionally, the
recyclability of MOF catalysts makes them environmentally friendly and cost-effec-
tive alternatives to traditional catalysts. In summary, MOFs exhibit remarkable cata-
lytic performance in reduction reactions due to their structural diversity and tailored
functionalities.

3.4 Photocatalysts

MOFs have been proven to be highly efficient photocatalysts in a variety of applica-
tions, including water splitting, pollutant degradation, and carbon dioxide reduction
[141, 142]. Moreover, the capacity to customize both the composition and structure
of MOFs presents ample opportunities for optimizing their catalytic properties and
improving their overall performance. MOF-based materials are promising photo-
catalysts due to the presence of synergistic effects among constituents, their stable
nature, and their light absorption capability [143]. Reports suggest the application of
MOF-based materials as photocatalysts in several processes, including organic con-
versions, water splitting, CO, reduction, N, reduction, and degradation [144, 145].
Trinuclear Mn clusters were used to develop UAEU-50, a manganese-based MOF
with a hexagonal layer structure. Its photocatalytic activity was evaluated to deter-
mine whether the benzene-dicarboxylate (BDC) linker could catalyze the cycload-
dition of different epoxides and CO, to produce cyclic carbonates. Its remarkable
photocatalytic activities in visible light are attributed to its exceptional chemical
and thermal stability. The CO, cycloaddition occurs as the UAEU-50’s Mn nodes
coordinate with oxygen from epoxides, weakening the C-O bond. TBAB triggers
the opening of the epoxide ring and activates CO, via a photogenerated ligand-to-
metal charge-transfer process under light (Fig. 8). The activated CO, attacks the C in
epoxides, leading to the formation of cyclic carbonates. BDC linker is not a strong
visible-light absorption antenna; however, active Mn sites are essential in activating
the cycloaddition reaction. Replacing BDC with BDC-NH, did not enhance photo-
catalytic activity [146].

The porphyrin-based metal-organic framework (PMOF) with Fe and Al metals
was developed and is also referred to as AI-PMOF-Fe. To ensure stability, the pho-
tocatalyst used for the N, reduction reaction (NRR) includes Fe as the active center
and Al nodes. According to the study, the catalyst’s active Fe-N site enhances its
ability to adsorb and activate N,, converting it into NH; [147]. The material Fe-
MOF (M-300) containing mixed valence Fe sites with Fe’*/Fe’* was produced
through thermal treatment of the precursor MIL-100(Fe). It exhibits remarkable effi-
cacy in the degradation of volatile organic compounds and inhibiting the growth
of Escherichia coli bacteria when exposed to visible light. Also, it is responsible
for catalytically degrading acetaldehyde when exposed to sunlight. The presence of
exposed unsaturated Fe?* active sites plays a role in transporting photo-generated
electrons and reducing O, [148]. Weng et al. utilized a simple approach to develop
the hierarchically porous HP-UOH-X (HP, UOH, and X representing the hierar-
chical pores). The material exhibited excellent selective uptake ability for Cr(VI)
in various simulated water samples containing competing anions [149]. Lin et al.
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Fig.8 a Trinuclear Mn clusters and benzene dicarboxylate (BDC) combined to generate UAEU-50,
which has a 3.5 A pore size and a hexagonal layer structure. b Proposed mechanism of cyclic carbon-
ate formation from epoxides and CO,. Reproduced with permission from [146] Copyright ©2022 The
Authors. Published by American Chemical Society

developed two novel titanium-based MOFs, Ti;-BPDC-Ir and Ti;BPDC-Ru, by dop-
ing Ir/Ru compounds into Ti;BPDC (BPDC =biphenyl-4,4'-dicarboxylate). These
MOFs are photosensitizers in the hydrogen evolution reaction (HER) driven by visi-
ble light. The reaction proceeds via the process of reductive quenching of the excited
photosensitizer, followed by electron transfer from the reduced photosensitizer to the
(Ti;(OH),) secondary building unit [150].

By including light sensitization, inserting catalytic sites within MOFs, and modi-
fying the functional group, the use of MOF-based moieties in heterogenous pho-
tocatalysis for H, production from water can be enhanced [151]. Li et al. devel-
oped a highly effective photocatalyst (Pt/def-TiO,) for hydrogen (H,) production
by assembling single platinum (Pt) atoms on a defective TiO, base. The atomic
interface between Pt and O-Ti** facilitates electron transfer, leading to the separa-
tion of electron-hole pairs. Therefore, there is improved photocatalytic hydrogen
generation with TOF of 51,423 h™!. The Pt1/def-TiO, catalyst was used in photo-
catalytic hydrogen production because of its excellent properties. The def-TiO, cata-
lyst performed poorly, but the Pt1/def-TiO, catalyst showed significantly enhanced
performance with a H, production rate of 52,720 pmol g~! h7! (Fig. 9). The Pt
NPs/f-TiO, catalyst had lower photocatalytic activity with a H, production rate of
4458 pmol g~' h™!. The Pt1/def-TiO, catalyst achieved record-level photocatalytic
H, production activity and had an unexpectedly high turnover frequency (TOF) of
51,423 h™' [152]

Lin et al. suggested utilizing unstable Cu' species in photocatalytic CO, hydro-
genation to generate ethanol. A new catalyst, CuH(HXPO4)y@Ru-UiO, was devel-
oped by incorporating Cu' species into the photoactive MOF of the UiO-67 struc-
ture (Ru-UiO). In the presence of light, [Ru(BPY),(BPYDC)]* facilitates the
transfer of a lone electron to both Cu™ and Cu°, leading to the formation of Cul.
This is crucial for catalyzing the production of ethanol [153]. In their study, Liu
et al. discussed the development of a durable and efficient photocatalyst called Ag/
AgCl@MIL-88A(Fe) (ACMA). This photocatalyst was developed by combining
plasmonic Ag/AgCl with semiconductor-like MOF MIL-88A(Fe) nanocomposites
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Fig.9 a Demonstration of hydrogen production monitoring over 2 h, with the presence of CH;0H as
sacrificial electron donor. b Rate of H, evolution. ¢ Photocatalytic H, production activities. d Cyclic tests
of Pt,/def-TiO, under UV/Vis light. Reproduced with permission from [152] ©2020 Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim

using the solvothermal approach. This nanocomposite is incredibly efficient at
catalyzing the degradation of ibuprofen. The even distribution of Ag/AgCl on the
surface of MOF enhances the absorption of visible light and promotes the rate of
photoinduced charge transfer [154]. Weng et al. studied the UiO-66-NH, (Zr/Hf)
membrane as a photocatalyst for reducing Cr(VI) to Cr(Ill). This membrane showed
> 94% efficiency in reducing Cr(VI) after 20 cycles. This high efficiency is due to its
exceptional chemical and water stability. The membrane offers a new and effective
approach to the photocatalytic removal of pollutants in wastewater [155]. In another
report, they used MIL-101(Fe)-NH, @Al,O; (MA) as a photocatalyst to quickly and
effectively reduce Cr(VI) under white light in a laboratory experiment and under
real solar light in a field experiment [156].

In photocatalysis, MOFs have shown great potential in driving chemical reactions
under light irradiation. One notable example is using MOFs to degrade organic pol-
lutants in water through photocatalytic processes. By harnessing the energy from
light, MOFs can activate specific reaction pathways that lead to the degradation of
harmful contaminants, thus offering a sustainable solution for water treatment [157].
Moreover, MOFs can be functionalized with different components to enhance their
photocatalytic performance. For instance, incorporating photosensitizers or co-
catalysts into the MOF structure can improve the efficiency of light absorption and
charge separation, leading to enhanced catalytic activity [158, 159]. This ability to
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tailor the properties of MOFs makes them versatile materials for a wide range of
photocatalytic applications.

3.5 Electrocatalyst

Extensive research has been conducted on the use of MOF materials in the field of
clean and sustainable energy storage and electrochemical energy production [160,
161]. The bimetallic catalyst was produced by homogeneously incorporating sub-
nanoclusters (CoFe-PPy) onto N-rich nanotube carbon. Through the electrostatic
interaction between positively charged N on pyrrole monomers and carboxyl groups
on cross-linkers, a remarkable dispersion and supramolecular confinement of Co
and Fe species is achieved on PPy backbones. CoFe-PPy exhibits enhanced bifunc-
tional sites, resulting in a high density of active sites and rapid activation of O,. This
material demonstrates enhanced oxygen electrocatalysis for both the oxygen evolu-
tion reaction (ORR) and the oxygen reduction reaction (OER) (Fig. 10) [162].
Pyrolysis of MOFs produced the nanostructured stable and recyclable M—N—-C
catalysts with uniformly distributed active centers, high porosity, and a large sur-
face area. Metal nanoparticles can serve as highly effective electrocatalysts and
electrode materials [163, 164]. The electrocatalytic performance of these materi-
als has been thoroughly examined in various reactions, including ORR, OER, and
HER, methanol oxidation, reduction of carbon dioxide, sulfur reduction reaction
(SRR), and sulfur evolution reaction (SER) [165]. The synthesis of Fe/Ni-based
MOFs, Fe,Ni-BDC, with low crystallinity was achieved using a solvothermal
approach by carefully regulating the reaction between Fe/Ni ions and terephthalic
acid (H,BDC) [166]. The introduction of Ni%* ions led to a mismatch in coordi-
nation with organic ligands, resulting in the loss of an organized framework. This
caused an increase in defects and a decrease in local crystallinity within the archi-
tecture. Using these nanoparticles as an effective catalyst for OER is justified by
their low overpotential of 260 mV (at a current density of 10 mA cm~2) and a high
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Fig. 10 a A graphic illustration of the CoFe-PPy hydrogels synthesis process. b Bifunctional activities
for oxygen electrocatalysis [(i))=LSV curves collected with an RDE (1600 rpm) at 10 mV s71; (i) =the
bar diagram of the potential difference (AE) between EJ10 for OER and E;,, for ORR]. Reproduced with
permission from [162] Copyright ©2019 American Chemical Society
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turnover frequency of 0.36 s~ at 330 mV in an alkaline solution. A highly effec-
tive and reliable electrocatalyst for OER is produced by using crystalline silver (Ag)
and amorphous nickel-cobalt—-molybdenum oxides (NCMO) on a nickel foam (NF).
The findings demonstrate that modification of the electronic structure at the inter-
facial regions reduces the overpotential for OER [167]. Meng et al. recently syn-
thesized an amorphous-crystalline (AC) heterostructure MS/Ni,, c7Fe, 1;-MOF by
incorporating metal sulfide into Ni, ;Fe, 35-MOF. It is a durable and stable electro-
catalyst for water-splitting systems [168]. Xu et al. proposed a stable electrocatalyst,
RuO, @CNT@MOF, composed of ruthenium dioxide-doped carbon nanotubes and
a bismuth metal porphyrin-based MOF. This catalyst demonstrates excellent perfor-
mance in HER, as evidenced by its low overpotential in both acidic (50 mV) and
alkaline (13 mV) media. The enhanced absorption of hydrogen ions and the forma-
tion of hydroxyl ions can be attributed to the highly symmetrical conjugated struc-
ture of the Bi-porphyrin MOF. RuO,@CNT@MOF was tested for electrocatalytic
activity in HER using a three-electrode configuration (Fig. 11). The performance
of the catalyst was compared to other reference samples, including CNT, Bi-TCPP
MOF, and commercially available RuO,. Results showed that RuO,@CNT@MOF
required only 13 mV to reach a current density of 10 mA cm~2 and achieved com-
mercial Pt/C catalytic activity [169].

Srivastava et al. reported three simple nickel-based bifunctional electrocata-
lysts capable of HER and OER activity in alkaline and acidic medium. The stable
core-shell Ni@NCS nanomaterials, specifically Ni@NCS-600, Ni@NCS-700,

a) 10 b c
@ ( )0.30 ).22 CNT (© 0.4 CNT
0 e > go-GchT > — :P<T)(Z:PP MOF
" 4= Bi-
~ 10 E 0.25 - ::g,@cm@mor: % 1589.1 mV dec™ :ugzggm@mm
& - = —— RuO
: -20 g 0.20 og 0.2 s
£ -30 ent—| © 015 o
= o g r ,
a0 | 010 g oo 7
Bi-TCPP MOF — . > -
% RuO,@CNT | 3 O [2932mV <x(=(:/§..xv dec!
- u0,@CNT@MOF — | = 0.05 Anaa 61.6 mV dec™
-60 P — 0.013 0. e
04 03 02 04 00 o041 %% 15 1.0 LM ; o.t;\ 05 10 15
Potential vs.RHE/V OgHMACH")
(d) s (e) — (f)
R . 3.6 — RuO,@CNT@MOF 2161 mt cm* =099 — RuO,@CNT@MOF
* BiTéPP MOF 3.0 PUOBCNT. R0
401 © RuO,@CNT - 1T RO, - = [ After 3000 circlos
= RuO,@CNT@MOF = 8 25 CNT 5 80 01— Initial
£i3s M . |— Bi-TCPP MOF 0.37 mF cm* R=0.992 2 .
£ . . " S 20 3 60l
2 . - < o f01<
20 . . E15 2 |8
A . - Z 40{ w0
e =10 s pe
10 - 2 20
, 05 = o 03 02 -01_ 00 04
o 0.0 =% 0 Potential vs.RHEV
0 10 20 30 40 50 60 70 20 40 60 80 100 0 5 10 15 20
Z'lohm Scan rate / mV s™ Time/h

Fig. 11 a Comparison of HER polarization curves for CNT, RuO,, Bi-TCPP MOF, RuO,@CNT, and
RuO,@CNT@MOF with Pt/C. b Overpotential comparison of different electrodes at current densities of
10 mA/cm?. ¢ Tafel slopes for different samples. d EIS spectra of CNT, RuO,, Bi-TCPP MOF, RuO, @
CNT, and RuO,@CNT@MOF. e C, values of CNT, RuO,, Bi-TCPP MOF, RuO,@CNT, and RuO,@
CNT@MOF. f Chronoamperometric measurement of HER at the current density of 10 mA cm™2 (inset is
polarization curves of RuO, @ CNT@MOF initial and after 3000 CV scans for HER). a—f In 1 M KOH.
Reproduced with permission from [169] ©2022 Elsevier B.V. All rights reserved
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and Ni@NCS-800, are produced from the pyrolysis of Ni-MOF. The exceptional
dual-functional activity of these electrocatalysts, particularly Ni@NCS-800, is sup-
ported by their low overpotential and Tafel slope [170]. Lee et al. successfully devel-
oped a nitrogen co-doped carbon framework (CoP-NC@NFP) using a MOF-based
approach. This framework consists of a core made of CoP-NC and a shell composed
of NFP bi-metallic phosphide (NFP, NiFeP) nanoflakes. The resulting structure has
several active sites. The purpose of green technology includes the electrochemical
reduction of CO, to produce compounds for industrial applications. The CO, reduc-
tion reaction proceeds through a mechanism that involves the transfer of numerous
electrons, resulting in the synthesis of diverse products including carbon monoxide,
formic acid/formate, methane, ethylene, acetic acid/acetate, ethanol, and n-propanol
[171].

Copper-based catalysts have exhibited exceptional efficacy in the process of CO,
reduction reaction [172]. Jeong et al. reported the use of Cu-based MOFs, MOF/
GO composites based on Cu-benzene-1,3,5-tricarboxylic acid [Cu;(BTC),], and
graphene oxide, for electrochemical conversion of CO, into formic acid. This con-
version was carried out using six different supporting electrolytes with a high effi-
ciency of 66.57 mM (—0.6 V) using a 0.1 M TBAB/DMF electrolyte. A two-dimen-
sional conjugated MOF, PcCu—Og—Zn, consisting of stacked layers, was designed
and synthesized. It includes copper phthalocyanine (CuN,) as the ligand and zinc-
bis(dihydroxy) complex (ZnO,) as the linkage. This MOF then served as an electro-
catalyst for converting CO, to CO. The ZnO, complexes acted as catalytic sites for
CO, reduction, while CuN, centers facilitated the protonation of adsorbed CO, dur-
ing the CO, reduction reaction [173]. Using MOFs in the electrochemical reduction
of oxygen is a crucial reaction in fuel cells for energy conversion. The precise con-
trol over the composition and structure of MOFs enables designing electrocatalysts
with high activity and selectivity. Furthermore, functionalizing MOFs with differ-
ent groups or dopants further enhances their electrocatalytic performance. By intro-
ducing specific functional groups, such as nitrogen-containing ligands, the catalytic
activity of MOFs can be tailored to particular reactions. This level of customization
is particularly advantageous in designing electrocatalysts for complex reactions with
stringent requirements. A summary of MOF-based catalysts for different reactions is
given in Table 1.

4 Findings and Challenges

MOFs have also been explored for their potential in gas storage, separation, and
sensing applications. Their tunable pore sizes and surface functionalities make them
promising candidates for these fields. Additionally, MOFs have shown promise in
drug delivery due to their ability to encapsulate and release molecules in a controlled
manner. The versatility of MOFs has led to extensive research and development in
various industries, including energy, environmental remediation, and biomedical
engineering. As new advancements are made in synthesizing and characterizing
MOFs, their potential applications continue to expand. To produce multifunctional
sites (MFS), a variety of techniques are utilized, including the use of coordination
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sites on metal nodes, catalytic sites present on linkers, incorporation of defects, and
encapsulation of additional catalytic agents such as enzymes, organometallic mol-
ecules, and metal nanoparticles. These methods work together to create a highly effi-
cient system that simultaneously performs multiple functions.

MOFs are versatile materials with promising catalytic activity in both alkaline
and acidic media, and they are ideal for energy conversion and storage technologies.
Specifically, MOFs with cobalt or nickel ions show enhanced catalytic performance
in splitting water molecules for hydrogen gas production. Metal selection is crucial
for optimal HER activity in MOFs. In the OER, MOFs promote the oxidation of
water molecules to produce oxygen gas. Tailoring the composition and morphol-
ogy of MOFs enhances their electrocatalytic properties for increased OER efficiency
[174, 175]. Functional groups or dopants can significantly impact the catalytic
behavior of MOFs towards OER. The tunable nature of MOFs allows customization
for specific reaction conditions in alkaline or acidic environments. Understanding
structure-property relationships in MOFs helps optimize design for improved activ-
ity in different media. The coordination sites on metal nodes act as anchor points for
the catalytic agents, while the catalytic sites on linkers facilitate the necessary chem-
ical reactions. Incorporating defects into the system allows for enhanced reactivity
and selectivity while encapsulating additional catalytic agents, further broadening
the range of functions that can be performed.

MOF:s offer high catalytic performance and tunable properties for efficient energy
conversion processes. MOFs have demonstrated their versatility in various chemical
reactions and catalytic processes. As Lewis acid-base catalysts, MOFs have shown
exceptional activity in promoting organic transformations by facilitating the forma-
tion of new chemical bonds. For example, MOFs have been utilized for synthesiz-
ing pharmaceutical compounds to enhance the efficiency of key reactions, leading to
higher yields and purities [58, 176]. Moreover, MOFs have also proven effective in
oxidation reactions, which can selectively oxidize specific functional groups within
a molecule. This selectivity is crucial in the pharmaceutical industry, where pre-
cise control of the oxidation state of a compound is essential for drug development.
By tailoring the structure of MOFs, researchers have been able to design catalysts
with enhanced oxidation capabilities, opening up new possibilities in organic syn-
thesis. MOFs have shown promise in reduction reactions as efficient catalysts for
converting various substrates into valuable products (Fig. 12). For instance, MOFs
have exhibited high selectivity and activity in converting carbon dioxide into ben-
eficial chemicals, offering a sustainable approach to carbon utilization. Scientists
have enhanced these catalysts’ reduction performance and stability by optimizing
the pore size and metal sites within MOFs.

Furthermore, MOFs have emerged as promising candidates for photocataly-
sis, harnessing light energy to drive chemical reactions. By incorporating light-
absorbing components into their structure, MOFs can facilitate the generation of
reactive species that initiate desired transformations [177, 178]. This capability
has been leveraged in the degradation of environmental pollutants and the pro-
duction of solar fuels, highlighting the potential of MOFs in addressing press-
ing energy and environmental challenges. In electrocatalysis, MOFs have shown
great potential for catalyzing electrochemical reactions with high efficiency and
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Fig. 12 Schematic representation of MOF properties and high catalytical activities

selectivity. By tuning the electronic properties of MOFs by introducing different
metal nodes, researchers have been able to design catalysts for applications such
as water splitting, small molecules, and CO, reduction [179]. These electrocata-
lytic MOFs offer a sustainable pathway to clean energy production and storage,
contributing to developing renewable energy technologies.

This multifaceted approach enables researchers to design and develop highly
effective MFS for various chemical synthesis, energy conversion, and envi-
ronmental remediation applications. Despite the potential benefits of utilizing
MOFs as catalysts, significant challenges must be overcome. These obstacles
include instability, a lack of coordination between nodes and linkers, and sus-
ceptibility to moisture. These factors can significantly impact the effectiveness
of MOF-based catalysts and limit their potential applications in various indus-
tries. As such, researchers must continue exploring ways to address these chal-
lenges and optimize the use of MOFs in catalytic processes. Through ongoing
research and development efforts, it may be possible to unlock the full potential
of MOFs as efficient and effective catalysts for a wide range of applications.

Some potential areas for further exploration in using MOFs in catalytic pro-
cesses include developing new synthesis methods for MOFs with tailored prop-
erties, exploring the use of MOFs as support for other catalysts, and investigat-
ing the role of defects and surface chemistry in MOF catalysis. Additionally,
there is a need to optimize reaction conditions and develop new techniques for
characterizing MOF catalysts under realistic operating conditions. By address-
ing these challenges, it may be possible to unlock the full potential of MOFs as
versatile and efficient catalysts for a wide range of chemical transformations.
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5 Conclusion

MOF-based catalysts have shown great potential in various catalytic reactions
due to their high surface area, tunable pore size, and unique chemical proper-
ties. The development of MOF-based catalysts has opened up new opportunities
for designing efficient and selective catalysts for various applications. In conclu-
sion, MOF-based catalysts have emerged as a promising class of heterogeneous
catalysts with remarkable catalytic performance and stability. Further research is
needed to fully understand the underlying mechanisms and optimize the synthe-
sis and design of these materials for specific applications. With continued efforts
in this field, MOF-based catalysts are expected to contribute significantly to the
advancement of catalysis science and technology. MOF-based catalyst materials
have shown great potential in various applications such as gas storage, cataly-
sis, and energy conversion. The unique properties of MOFs, including their high
surface area, tunable pore size, and structural diversity, make them attractive for
energy-related research. Recent studies have demonstrated the effectiveness of
MOFs in areas such as solar cells, fuel cells, and batteries. However, challenges
still exist in optimizing the performance and stability of MOF-based catalyst
materials. Further research is needed to fully understand their behavior mecha-
nisms and develop new strategies for improving their properties. One promis-
ing approach uses post-synthetic modification (PSM) techniques to introduce
functional groups into MOFs and enhance their performance. Another strategy
involves combining MOFs with other functional components into composite
materials to create synergistic effects.

Additionally, advances in computational modeling and simulation can aid in
designing and optimizing MOF-based catalyst materials. Overall, MOFs are prom-
ising for advancing catalysis-related technologies and addressing global challenges
such as climate change and sustainable development. Continued research efforts will
be critical in unlocking their full potential for a cleaner and more sustainable future.
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