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The growing global demand for advanced porous materials for a wide range of applications has spurred
significant interest in metal-organic frameworks (MOFs). These structures are highly valued for their
engineering versatility, combined with multifunctionality, vast chemical space, and structural diversity.
Various strategies have been developed to enhance the performance of MOFs in different applications,
with one of the most promising approaches being the incorporation of multiple metals into their
structure to form multi-metallic organic frameworks (MMOFs). MMOFs exhibit outstanding performance
compared to MOFs due to the tunable synergistic effect among diverse metals, enabled by precise
structural engineering. The simultaneous presence of several metals imparts exceptionally enhanced
properties to MMOFs, including active site tunability, which optimizes their catalytic, photocatalytic, and
electrocatalytic performance. Additionally, MMOFs exhibit superior sensing capabilities, characterized by
higher sensitivity and precision, and demonstrate improved medicinal properties. This review provides
a comprehensive, critical view of MMOFs, focusing on their synthesis strategies, challenges, and the
specific or preferential role of each metal when they are present in MMOFs. Further, this review also
covers their applications in various fields, such as catalysis, photocatalysis, electrocatalysis, electrical
energy storage, gas separation, adsorption, sensing, and medicine. Furthermore, the review offers
guidelines in the selection of metals for tailoring MMOFs to specific applications. Numerous existing
examples show the superior performance of MMOFs compared to single-metal MOFs (SMOFs),
underscoring the synergistic effects arising from the combination of multiple metals present in the
structure. This favorable synergy makes MMOFs the most efficient material in a wide range of
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ions, organic linkers, and secondary building units (SBUs) with
various compositions and directionality of the coordination

1. Introduction

Approximately 25 years ago, porous metal-organic frameworks
(MOFs) were reported by Kitagawa, Yaghi,? and Férey,* and they
quickly captured the attention of the scientific community.
MOFs are composed of organic linkers and metal nodes,
featuring unique characteristics such as high surface area,
significant porosity, and tunable design with predictable
structures based on the consideration of the linker structure
and the directionality of the metal-ligand coordinative bond.>*
These properties can be customized by selecting specific metal
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bonds.* MOFs have found applications across numerous fields,
including medicine,® sensing,® catalysis,” renewable energy
sector,® and gas adsorption and separation.’

The porous structures of MOFs have attracted considerable
attention due to their customizable pore design, adjustable
chemical properties, and high surface area,'®' providing
a toolbox to adapt the materials for their practical applications.
Despite their widespread use, there is always continued interest
in further improving MOF performance, the discovery of new
variants, and advances in their industrial scalability, promising
a transformative impact on science and technology.™

A subclass of MOFs, known as multi-metallic organic
frameworks (MMOFSs), incorporates more than one metal ion in
their structure.” These metals may be integrated into the MOF
structure as metal-organic compounds, metal complexes
within cavities, or as part of the MOF nodes. Bimetallic or
heterometallic MOFs are included in this category.” The
incorporation of multiple metals can frequently create

This journal is © The Royal Society of Chemistry 2026
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synergistic interactions among them, enhancing the perfor-
mance of MMOFs compared to single-metal MOFs (SMOFs) in
applications such as electrocatalysis,* photocatalysis,'®'” gas
separation,'® energy storage,'**” and sensing.*

In 2019, our group published the well-received paper “Mixed-
Metal MOFs: Unique Opportunities in Functionalization and
Design of Metal-Organic Frameworks”,** which highlighted the
growing significance of MMOFs and their applications. Since
then, the field has seen rapid development, as evidenced by the
exponential increase in the number of publications on MMOFs,
particularly notable since 2016 (Fig. 1a). This growing interest
underscores the need for an updated review of recent advances
in MMOFs to show the current state of the art, the present
bottlenecks, and the challenges ahead.

Numerous reviews and perspectives have emphasized the
critical role of the preparation of MMOFs and their derivatives,
focusing on their use in specific applications. For example,
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some perspectives have focused on the challenges and oppor-
tunities associated with metal node engineering in electrical
energy storage systems.* Gallis and coworkers have provided
a detailed description of the topological properties of MMOFs,
synthetic methodologies, metal distributions within MMOFs,
their characterization and applications including catalysis.*
Reviews covering synthesis routes, characterization techniques,
and computational studies of MMOFs and their derivatives
provide a conceptual framework to understand the reasons for
the improved performance of MMOFs in applications such as
catalysis, photocatalysis, and electrocatalysis.’>**® Addition-
ally, some reviews compare the development and performance
of bimetallic MOFs and trimetallic MOFs and their derivatives
with their SMOF counterparts.””*® Some reviews have focused
on the specific applications of MMOFs and their derivatives,
such as energy storage (e.g., supercapacitors and batteries),?**
water splitting (including oxygen evolution reaction (OER) and

Zeynab Hedayati received her
BSc and MSc degrees from Sha-
hid Beheshti University and the
University of Tehran, respec-
tively. In 2023, she joined the
research group of Professor Ali
Morsali at Tarbiat Modares
University,
under the supervision of the
professor. Her research expertise
is in the design, synthesis, and
application of metal-organic
frameworks (MOFs) focused on
pharmaceuticals, sensing tech-
nologies, catalysis, and photo-
catalysis.

where she works

Zeynab Hedayati

Amarajothi Dhakshinamoorthy
received his PhD degree in 2009
from Madurai Kamaraj Univer-
sity, Madurai-21, India. Later,
he worked as a postdoctoral
researcher with Prof. Hermene-
gildo Garcia at the Technical
University of Valencia for four
years. Currently, he is serving as
a UGC-Assistant Professor at the
School of Chemistry, Madurai
Kamaraj University. His
research  interests  include
catalytic/photocatalytic applica-
tions of metal-organic frameworks, covalent organic frameworks
and graphene-related materials. He has co-authored over 185
publications, five book chapters and one patent. He is also serving
as an Early Career Advisory Board member in Molecular Catalysis,
Elsevier.

Amarajothi Dhakshinamoorthy

J. Mater. Chem. A, 2026, 14, 13238-13285 | 13239


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta06669g

Open Access Article. Published on 12 February 2026. Downloaded on 6/21/2026 1:11:14 PM.

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

(cc)

Journal of Materials Chemistry A

a)

Years of Publications

Fig. 1

View Article Online

Review

b)

Numerical investigation of MMOFs in Diverse applications

1.02 %

1.19 %

ENi 8Co mFe ula mZn mCu ®Mn ®Zr mTi ®Ru ®Others

(a) Plot showing the gradual increase of reports on MMOFs since 2004 based on the Web of Science Database (accessed in Nov. 2025); (b)

percentage contribution of each metal in the composition of MMOFs during the period 2019-2025.

hydrogen evolution reaction (HER)),**?” and photocatalysis.***
Compared to other multi-metal compounds, MMOFs offer
advantages, particularly the possibility of designing the struc-
ture and versatile synthetic methods, thus justifying their vast
usage for diverse applications. Other important features of
MMOFs are porosity and vast chemical space in ligands and
metals, while metal oxides or alloys can lack this intrinsic
chemical diversity. Also, the stability of MMOFs can differ in
applications compared to other multi-metal
compounds. Furthermore, MMOFs can be the precursors of
a wide range of multi-metal oxides/alloys/carbides and other
variants.**** By pyrolysis, MMOFs can be converted into MMOF-
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derived materials, preserving some advantages of the pristine
MMOFs, such as hierarchical porosity, uniform distribution of
metals, and tunable electronic structures, rendering highly
active electrocatalysts and single-atom sites, which cannot be
easily obtained from direct oxide synthesis.****> These accounts
comprehensively address synthesis strategies, characterization
methods, and applications, underscoring the potential offered
by MMOFs in fundamental and technological advancements
that focus on the role of metals and their synergistic effect in
diverse applications, which is not comprehensively stated in any
other reviews. Besides, our review also compares the activity of
MMOFs with that of SMOFs in different catalytic applications to
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precisely illustrate the importance of MMOFs. Eventually, some
advantages can be achieved by MMOFs, which are different
compared to other multi-metal compounds and justify their
vast usage for diverse applications. One of these features can be
attributed to the porosity and vast engineering of ligands and
metals, while other metal oxides or alloys can lack this intrinsic
molecular engineering. Also, the stability of MMOFs can vary
depending on engineering assignments compared to other
multi-metal compounds. Furthermore, achieving multi-metal
oxides/alloys/carbides and other variants by pyrolyzing
MMOFs to obtain MMOF-derived materials can not only
preserve some advantages of the MMOFs, such as hierarchical
porosity, uniform metal dispersion, stability, and tunable elec-
tronic structures, but also yield highly active electrocatalysts
and single-atom sites, which cannot easily be obtained from
direct oxide synthesis.

In this review, we focus on recent progress in MMOFs and
their derivatives, which have garnered significant interest in
recent years. The review is divided into two sections, with the
first part dealing with the synthesis of MMOFs and the second
part summarizing their applications. The synthesis methods
discussed here include diverse approaches to MMOF formation,
either de novo or post-synthetic modification, analyzing their
specific advantages and disadvantages, and how they impact
the structural and functional performance of MMOFs. In the
applications section, we emphasize the critical role of incor-
porating multiple metals, as the introduction of a second, third,
or additional metal into the material can significantly enhance
some properties of the resulting MMOF with an impact on its
performance. This review covers applications in adsorption,
catalysis, electrocatalysis, energy storage, photocatalysis,
sensing by electrochemical or fluorescence techniques, and
related areas reported from 2019 to 2024, providing insights
into the influence of multi-metal incorporation on MMOFs in
these fields. It also analyzes the interactions among metals, the
unique properties present in MMOFs, the structural modifica-
tions induced by the incorporation of additional metals in the
composition, and the formation of MMOFs.

Fig. 1b illustrates the proportion of the various metallic
elements that have been reported in the composition of MMOFs
and their derivatives. The applications are categorized into
seven primary sections, highlighting each metal role and its
interaction with neighboring metals. The intrinsic electroactive
properties of Ni make it highly active in electrical energy
applications, particularly in electrocatalysis and energy storage,
where it significantly enhances specific capacity. Further, Ni-
MMOFs are also the most widely used materials in photo-
catalysis due to their ability to regulate band gaps, thereby
improving the photocatalytic activity.*®

After Ni, the other most frequently reported metals in
MMOFs are Co, and Fe. Their electroactive properties make
them highly effective in energy-related applications. Fe-MMOFs,
in addition to energy applications, are employed in the
adsorption and removal of pollutants since the corresponding
Fe-MMOFs have abundant active sites. Co-MMOFs, besides
their role in energy applications, excel in catalysis, where these
MMOFs exhibit high porosity, and their crystalline structure

This journal is © The Royal Society of Chemistry 2026
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enhances catalytic efficiency. Lanthanide-based MMOFs
demonstrate great potential, particularly in sensing applica-
tions, due to the sensitivity of atomic emissions in rare earth
ions. The incorporation of additional lanthanide metals further
enhances their efficiency through the appearance of synergistic
effects. Zn-based MMOFs are also promising for diverse appli-
cations. In this case, Zn combined with Co is the most common
pairing, as Co enhances crystallinity, while Fe, when paired with
Zn, may reduce structural stability. Cu is another widely used
metal in MMOFs, contributing to various applications. For the
sake of organization, this review classifies MMOFs based on the
metal present in the highest proportion in the material. For
some metals, like Cu, that have not yet been reported to be in
the highest proportion, their examples of MMOFs are scattered
in sections corresponding to the most abundant metal.

This review focuses exclusively on MMOFs reported in recent
years, offering a comprehensive analysis of the challenges in
their synthesis, the impact of various metals on MMOF struc-
tures, their unique properties, and the metal-metal interac-
tions. Besides their synthesis, the present review provides
a detailed exploration of the diverse applications of MMOFs,
categorized by metal composition, and examines the contribu-
tion of each of these metals to the structure and functionality of
the resulting MMOFs. Considering the vast chemical space, this
area of MMOFs remains relatively underexplored, making this
review valuable for understanding the remarkable MMOF
properties and how metal characteristics determine their
applications. Moreover, it presents a fresh perspective on MOF
engineering for targeted applications, indicating the rules for
the selection and integration of specific metals in MMOFs.
Finally, this work highlights the huge potential of MMOFs and
opens new avenues for research, offering significant opportu-
nities for future growth and innovation in this rapidly evolving
field. Also, application sections with M-based MOFs (M: Fe, Ni,
Co, Zn, La, Zr) can give us clear insights into the role of each
metal ion in diverse MMOF applications along with their
efficiency.

2. Synthetic routes for MMOFs

The synthetic route of a given MMOF is a critical factor influ-
encing their performance in diverse applications, since,
depending on the preparation procedure, MMOFs with even the
same chemical composition can exhibit contrasting efficiency.
Recent research has employed various methods to enhance
durability, stability, and activity by forming robust structures.
Several reviews have specifically addressed these synthetic
procedures, highlighting the importance of the synthesis on the
properties.”*** In this review, we will discuss some of the most
widely used, reliable synthetic routes to provide a clearer
understanding of MMOF structures.

Before exploring the applications of MMOFs, we will discuss
how the synthesis method can influence the properties of these
materials and, consequently, their performance. Direct
synthesis methods, such as in situ, cluster, and nickel foam
strategies, are among the most widely used synthetic proce-
dures, and they will be described earlier in this review. Post-
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modification routes, including core-shell, insertion, and
exchange strategies, are less general synthetic approaches and
more specifically tailored towards a particular application,
providing further versatility in MMOF research.

Besides being at the metal nodes, the metallo-ligand
approach, where metals are integrated into the linker, also
provides an effective strategy for synthesizing MMOFs. This
method is particularly advantageous for energy conversion
systems, where enhanced porosity, robustness, and functional
properties are required. Additionally, the review also covers
procedures to obtain MMOF derivatives, particularly employed
for energy applications. Transformation of MMOFs into deriv-
atives will also be succinctly covered, as they offer materials with
larger surface areas and increased active site accessibility
compared to alternative synthetic routes of these derived
materials. Fig. 2 illustrates the synthesis routes covered in the
present review, emphasizing their impact on MMOF perfor-
mance and expanding their applicability across various fields.
Structural changes in MMOFs occur before synthesis (pre-
modification) or after (post-modification). Derived routes can
also relate to various modifications that take place in high
temperatures to form MMOF derivatives. Metallo-ligand
approaches form part of a unique MMOF synthesis pathway;
the section explains how linkers containing metals within their
structure can be used in the synthesis of MMOFs.

2.1. Synthesis from special precursors

The synthesis of MMOFs, adapting the general procedure of
their SMOF counterparts, starting from precursors of the
desired metal elements in specific ratios required in the metal
nodes and the corresponding organic linkers using reflux,

View Article Online

Review

hydrothermal, or solvothermal techniques, has been extensively
employed. Although this approach has limitations, such as
uneven metal distribution in nodes, it is straightforward and
remains the most frequent procedure. This route allows for the
synthesis of MMOFs with various structures and morphologies,
including foam-like nano-octahedra, hierarchical 3D frame-
works, multi-shelled hollow structures, and 2D morphologies.
Derived MMOF structures generated through pyrolysis of the
direct synthesis are also discussed in the last sections. As
illustrated in Fig. 3, the reports on the direct synthesis of
MMOFs can be classified into three methods of MMOF
synthesis using special precursors. They are discussed in the
following sections.

2.1.1. In situ synthesis. In situ synthesis is one of the most
widely employed methods for MMOFs. It consists in using, in
a conventional synthesis initially reported for an SMOF,
a mixture of metal salts in specific molar ratios together with
the corresponding organic linker to form MMOFs. Despite its
simplicity, this method is influenced by factors such as the
different reactivity of the metal ions, coordination environment,
and pH. This often results in variability in the incorporation of
metal ions in the lattice, with some metals failing to enter the
MOF structure. Additionally, this method often requires high
energy and is irreversible, meaning that incorporation of one
metal ion cannot be reversed by the second metal due to its
lower affinity. These negative factors can limit the applicability
of the in situ incorporation of two or more metal ions in the
structure. An example of in situ synthesis is the preparation of
UiO-66(Zr/Ti) using specific molar ratios of titanium and
zirconium salts combined with 1,4-terephthalic acid (H,BDC) in
a one-pot synthesis process.*’

Derived r(@lﬂe-modiﬁca@

Multi-metallic
organic framework
nthesis routes

(Post-modificatio

| Metallo-ligand

Fig. 2 Most employed synthesis methods for the preparation of MMOFs.
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Fig. 3 Procedures for the direct synthesis of MMOFs in which several metals are incorporated simultaneously, including two approaches that

employ special precursors.

2.1.2. Cluster synthesis route. The cluster synthesis route is
another straightforward synthesis method of MMOFs, which is
based on the controlled formation of multi-metallic metal
clusters in a pre-synthesis phase. In this method, metal salts are
first combined following specific protocols to form clusters of
various metals. Organic linkers then react in precise ratios with
these preformed clusters to form MMOFs. As an example,
a PCN-250-Fe,M MMOF is synthesized in two steps. First,
Fe,M(113-O)(CH;CO0)6(H,0); clusters are prepared, and then
these clusters are reacted with azobenzene tetracarboxylate
(H4ABTC) to produce the PCN-250 structure.®

2.1.3. In situ growth on nickel foam. The in situ growth
method on nickel foam (NF) has recently gained considerable
popularity, especially in energy-related applications, such as
electrocatalysis.” This procedure enhances electrical conduc-
tivity and performance by achieving a good integration of the
MMOF and the conductive NF electrode. This integration is
much superior to depositing the preformed MMOF on NF that
never achieves similar conductivity.

The process begins by cleaning NF with acid or other treat-
ments to remove surface oxides. Clean NF serves as a Ni source,
and it is combined in an autoclave with additional metal salts
and linkers to form MMOFs. For example, FeCoNiMn-MOF/NF
was synthesized by washing NF with a mixture of HCI, water,
and ethanol under sonication. Subsequently, metal salts (Fe,
Co, and Mn) and 2,3-dihydroxyterephthalic acid as a linker were
added to the autoclave to form the MMOF structure.*® These
synthesis methods employing preformed metal clusters analo-
gous to the metal nodes of the MMOF highlight the versatility
and adaptability of MMOF fabrication, enabling the design of
materials tailored for specific applications.

This journal is © The Royal Society of Chemistry 2026

2.2. Metallo-ligand approach

The metallo-ligand approach represents a recent and innovative
method for synthesizing a new MMOF synthesis route tailored
for diverse applications. This technique involves using mate-
rials such as ferrocene or metalloporphyrins as organic linkers,
allowing for the incorporation of mixed-metal ions into the
MOF structure at various defined lattice positions.

In this approach, metal salts in specific ratios are combined
with metallo-ligands to form MMOFs, in which at least one metal
is not in nodal positions (Fig. 4). The material can then be utilized
for various applications, particularly related to catalysis and
sensing. Additionally, this method can be integrated with other
previous synthesis techniques. For example, metal clusters can be
combined with metallo-ligands to fabricate MMOFs, or NF can
serve as a precursor and Ni source alongside the metallo-ligand.
Although this synthesis route remains relatively underexplored,
initial studies have demonstrated its potential for specific appli-
cations. For instance, defective Nti;Fcl,x MOFs (Fc and Fc'’:
substituted ferrocenes as metallo-ligands) were synthesized by
varying the ratios of Fc or F¢’ and Ni. The metal sources in these
syntheses can include salts or meshes, as illustrated in Fig. 5.*

The metallo-ligand approach offers promising opportunities
to expand the diversity and functionality of MMOFs, particularly
when combined with other advanced synthesis techniques.
Further investigation into this method could unlock new
possibilities for designing MMOFs with tailored properties for
specific applications.

2.3. MMOF-derived materials

MMOF-derived materials have garnered significant attention
for their versatility in applications, particularly in
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Fig.4 Preparation of MMOFs using the metallo-ligand approach. It should be noted that metals are present at the nodes as well as at the ligands.

electrocatalysis and electrical energy storage systems.”® These
materials are formed when synthesized MMOF precursors are
subjected to controlled transformation, resulting in changes in
composition and structure, leading to unique MMOF-derived
materials. The most commonly used procedure to obtain
MMOF derivatives is high-temperature treatment under an inert
atmosphere, which results in the graphitization of the MMOF
organic linker. This process can generally result in a carbon
matrix acting as a support for fine metal alloy nanoparticles.
The morphology of the derived MMOFs can vary widely,
encompassing carbon nanoflowers, nanoflakes, porous frame-
works, and hollow structures. These morphologies are

NF

€) Ni** €) Ni** defect sites

7 o}

OH
¢ Fe OH
|

©\gOH l Fcé

Fc

influenced by factors such as the initial morphology of the
MOFs, pyrolysis temperature, and other external and internal
conditions. A growing area of interest is the synthesis of 2D-
derived MMOFs, which again offer unique advantages in
energy applications due to their notable electrical conductivity.

2.3.1. 2D structures in MMOF derived materials. Two
primary methods are used to synthesize 2D MOF structures
(nanosheets), either the top-down or the bottom-up route. The
top-down approach involves the exfoliation of 3D MOFs into 2D
nanosheets by breaking weak interactions, such as hydrogen
bonds, ®-m stacking, and van der Waals forces. These weak
bonds are disrupted through chemical or physical treatments.

NiF¢'/NF

NiFe¢'Fe/NF

Fig.5 Synthesis route of the Nti;Fcl_x MMOF series grown on NF for OER electrocatalysis. Reproduced with permission from ref. 51, copyright

2023 Wiley.
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Fig. 6 Synthesis of CoFe,O4 and NPC solids by pyrolysis of bimetallic MOFs for supercapacitor applications. Reproduced with permission from

ref. 53, copyright 2024 American Chemical Society.

In contrast, the bottom-up route generally uses surfactants and
modulators to control the thickness of the nascent particles
during the crystallization of the MMOF, resulting in 2D struc-
tures by arresting the growth in the z-direction.

Subsequently, when 2D MOFs are subjected to pyrolysis, they
can form, among other possibilities, layered double hydroxides
(LDHs), which are particularly valuable for energy applications
due to their enhanced conductivity, cost-effectiveness, and ease
of synthesis. LDHs derived from 2D MMOFs have been widely
studied for their performance in energy-related technologies.
2D MMOF-derived materials are particularly attractive due to
their larger specific surface area and easy site accessibility,
which enhances their functionality across a range of applica-
tions. In electrochemical systems, they are especially promising
because their enlarged surface area improves electrolyte—
material interactions, thereby enhancing their performance.

One notable example of MMOF-derived materials for energy
applications is trimetallic Cog.,Fe,.sNi-OCNF (OCNF: oxide
carbon nanoflower), which can be synthesized from trimetallic
Hofmann nanoflower MOFs. After the spontaneous self-
assembly of the 2D MOF sheets as nanoflowers, this

?

Instability in pH,
temperature, and
other factors ‘

Recrystallization

MMOFs

Q:f!

A

morphology remains upon pyrolysis. This specific structure
creates a large number of accessible active sites, making these
materials highly effective for electrocatalysis.® In another
example, bimetallic Fe,Co-MOF was employed as a precursor to
obtain CoFe,0, oxides at 500 °C, and nanoporous carbon (NPC)
at 800 °C (Fig. 6). This derivative showed enhanced specific
capacitance, making it beneficial for supercapacitor applica-
tions.” Furthermore, Fig. 7 illustrates conventional synthesis
routes for MMOF-derived materials, showcasing their utility in
energy applications. By engineering the structure of MMOFs
and transforming them into derivatives, it has been possible to
obtain materials with enhanced performance and site accessi-
bility, making them among the best candidates for advanced
energy technologies.

2.4. Post-synthesis strategies

Post-synthetic modifications start from SMOFs that are subse-
quently treated to introduce additional metals. This approach
encompasses various modification methods tailored for specific
applications. The post-synthesis MMOF preparation generally
can take place through one of the following three main

Pyrolysis
e —

Derived-MMOF's

Unstable MMOF's

Fig. 7 Preparation of MMOF-derived materials from MMOFs as the precursors.
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approaches: core-shell, or insertion, or exchange methods.
Fig. 8 summarizes the post-synthetic modification methods.

2.4.1. Core-shell route. Although still poorly explored for
MMOF synthesis, the core-shell route involves combining
a MOF core with a MOF shell to form MMOFs in which two or
more metals are in the material, but at different positions. This
method is advantageous for regulating the spatial distribution
of the metals in the MMOF, as it is possible to adjust the sizes of
the shell and core, resulting in highly porous materials.
However, it is challenging to obtain single crystals from the
MOF shell, which limits its use in certain applications.*® Also,
core-shell can ensure uniform nucleation and strong adherence
between the MOF and substrate and it is expected to be further
applied for the synthesis of MMOFs in the future.**

2.4.2. Insertion methods. The insertion of metals into pre-
formed MOF structures can occur through three primary strat-
egies, namely:

e Functionalized group incorporation. Functional groups
can be introduced either within the MOF cavities or on its
surface. These groups coordinate with metal ions diffusing into
the interior of the crystal to form MMOFs.

e Open metal site provision. Unsaturated coordination sites
in the MOF structure enable the incorporation of secondary
metals, resulting in MMOF formation.

e Metal penetration. By controlling the molar ratio of metal
salts, secondary metals can be introduced into the structure,
creating MMOFs.

2.4.3. Exchange methods. The exchange methods involve
replacing existing metals or ions within the MOF structure by

Insertion
routes

Core-shell route

SMOFs

Q\
W
e“)\\
Exchange 02‘\
route Ion exchange

Fig. 8 Different post-synthesis strategies for the preparation of MMOFs.
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ions of other elements. Since the metal-linker coordination
bond is reversible, additional metals can be, in principle,
introduced into the structure by metal ion exchange, exposing
the performed MOF to a high concentration of other metal salts,
creating in this way MMOFs. There are three primary ways to
achieve this exchange:

e Demetallation-addition route. Initially, a SMOF is synthe-
sized. Then, a certain proportion of the metal atoms is removed
(demetallation) to create structural vacancies, allowing addi-
tional metals to penetrate the structure and form MMOFs.

e Ion exchange. Metal ions within the SMOF structure are
directly exchanged with other ions, creating MMOFs.

¢ Etching procedure. If ion exchange occurs only on the MOF
surface rather than throughout the structure, etching can be
applied. This approach enables a certain degree of control over
the morphology and crystallinity of MMOFs.

While these post-modification methods are versatile and
suitable for fine-tuning the morphology and crystalline prop-
erties of MMOFs, they present several challenges. For instance,
doping, inserting, or exchanging metals may damage MOF
crystallinity, which can be detrimental or beneficial depending
on the specific application. These merits and limitations are
further discussed in the Applications section (Fig. 8).**>2°

3. Applications

This section explores the applications of bimetallic MOFs and
MMOFs as well as MMOF-derived materials across various
domains, including electrocatalysis, electrical energy storage,

Metal addition
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catalysis, and photocatalysis, as well as sensing, medicine,
removal of pollutants and adsorption. Each application is crit-
ically reviewed, focusing on the role played by the presence of
various metals and their quantitative impact. Emphasis will be
placed on the efforts to rationalize the results by advanced
characterization, such as X-ray photoelectron spectroscopy
(XPS), microscopy, electrochemical measurements, density
functional theory (DFT) calculations, and other methods to
understand the reasons for the synergy and modification of the
electronic structures. While other reviews have covered MMOFs
in general applications, this work emphasizes the specific
contribution and synergy of mixed metals, resulting in
improved MMOF performance.**

The most extensively studied applications of MMOFs are in
energy-related fields, particularly electrocatalysis and electrical
energy storage. These areas dominate due to the general
observation of synergistic effects between metal ions, the
development of cost-effective alternatives to precious metals by
combining abundant metals, and the high electroactive poten-
tial of materials based on Ni, Fe, and Co. Despite significant
progress, challenges, such as synthesis complexity, scalability,
and stability, continue to pose limitations for broader adoption
in other fields.

Electrocatalysis in MMOFs spans reactions,
including water splitting, OER, HER, oxygen reduction reaction
(ORR), nitrogen reduction reaction (NRR), urea oxidation reac-
tion (UOR), and CO, reduction (CO,R), among the best studied.
Water splitting involves two redox processes: the OER occurs at
the anode and the HER at the cathode. While the HER is rela-
tively efficient, the OER is hindered by thermodynamics and
high kinetic barriers due to the sluggish four-electron transfer
processes, resulting in increased overpotential. MMOFs with
non-precious metals offer an alternative to electrodes based on
expensive Ru and Ir catalysts for the OER by reducing over-
potentials and Tafel slopes, while increasing stability and
faradaic efficiency.*** In one example of MMOFs circum-
venting the OER to reach enhanced H, production, the HER was
coupled with the glycerol oxidation reaction (GOR), which
results in an enhanced HER efficiency, while yielding valuable
by-products, like formic acid. The ORR is pivotal for zinc-air
batteries; the process requires four-electron reduction. More
recent interest is focused on selective two-electron reduction,
since it could enable an eco-friendly, electrochemical route for
H,0, production from air without the need for H,_ It appears
that MMOFs and derived materials are among the best 2-elec-
tron ORR electrocatalysts.®*®* Electrochemical CO,R with
MMOFs provides a sustainable pathway for CO, conversion
using green electricity under mild conditions, reducing the
need for high temperatures or pressures typically required in
thermal catalysis. Although still underexplored, MMOFs have
shown considerable potential for driving product selectivity in
CO,R to valuable products.®® The UOR is an anodic reaction
requiring a lower potential (0.37 V) than the OER, making it
energetically favorable to be coupled with the HER with lower
electrical energy consumption. MMOFs enhance the sluggish
six-electron kinetics of the UOR, improving efficiency.®*%
Breaking the N=N bond to convert N, into NH; demands

diverse
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significant energy due to the bond stability. MMOFs, acting as
Lewis acids, provide active sites for the NRR, facilitating this
transformation.®**°

MMOFs are effective in supercapacitors and batteries,
addressing key challenges related to high specific energy
storage and high-power density. Known for their fast charge-
discharge rates and high-power density, supercapacitors must
overcome their low energy density limitation. MMOFs help
expand the potential window and specific capacitance, boosting
energy density.”*”® Lithium-ion batteries (LIBs) have high
energy density but require optimization for power density.
MMOFs enhance LIB performance by balancing these two
factors and improving specific capacity.

MMOFs are effective heterogeneous catalysts, with better
performance than the corresponding SMOFs. MMOFs have
shown promise in oxidation reactions, CO, transformations,
and other catalytic processes and factors such as turnover
number (TON), turnover frequency (TOF), stability and yield
determine their catalytic efficiency.”””® Photocatalytic applica-
tions of MMOFs include water splitting, CO, reduction, and dye
degradation. Their effectiveness is influenced by factors such as
light absorption, band energy, and reaction yield.****%?

The performance of MMOFs in sensing applications,
particularly using electrochemical or fluorometric response, is
evaluated based on the limit of detection (LOD), which reflects
the lowest concentration at which a substance can be detected.
Challenges include the uniform distribution of metals and the
development of suitable synthesis procedures.** Key challenges
in pharmaceutical applications include biocompatibility,
toxicity, and synthesis complexity. The cytotoxicity of different
metal elements poses safety concerns, while large-scale
production requires maintaining uniformity and structural
integrity.*>*® MMOFs are also employed in removal, separation,
and adsorption applications. Challenges in these areas include
stability, uniform metal distribution, and minimization of
environmental impacts.®”

Energy-related applications, particularly electrocatalysis,
dominate the field of MMOFs due to the general observation of
synergistic effects between metals and the higher electrical
conductivity of pyrolysis-derived MMOFs. Non-precious metals
like Ni, Fe, and Co are preferred candidates due to their cost-
effectiveness and electrocatalytic activity. Less-studied applica-
tions, such as medicinal, sensing, and pollutant removal, are
emerging areas with growth potential, requiring further
research and development. This review underscores the versa-
tility of MMOFs and highlights areas for future investigation to
take advantage of MMOF properties in various fields. The
following sections will describe MMOFs and their derivations,
classified based on the metal element presented in the highest
proportion in the composition of the material.

4. lron-based MMOFs

Among the various types of MMOFs, Fe-based frameworks have
seen rapid development and have attracted considerable
interest from the scientific community. As the fourth most
abundant element in the Earth's crust, Fe is widely available
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and cost-effective, making Fe-based MOFs an attractive option
for various applications. Furthermore, the low toxicity of Fe
enhances its suitability for pharmaceutical uses, while its
paramagnetic properties make Fe(m)-based MOFs highly effec-
tive in magnetic resonance imaging. Beyond pharmaceuticals,
Fe-MMOFs find applications in sensing, catalysis, and other
areas. In MOFs, Fe®" ions act as Lewis acids, coordinating with
oxygen-containing ligands that serve as Lewis bases. This robust
coordination bond between Fe** and oxo ligands provides Fe-
MMOFs with excellent stability in both aqueous and organic
solvents, as well as high thermal and chemical resilience. When
combined with other metals, Fe-based MMOFs benefit from the
unique properties of each metal, expanding their potential
applications, as will be discussed below.***°

The incorporation of additional metals into Fe-MMOFs can
eventually result in an enhancement of their surface area, pore
size, and density of open metal or catalytically active sites,
improving in this way their drug delivery capabilities. Enlarged
pores in these frameworks facilitate larger drug adsorption
capacity and release efficiency. As an example, M-MIL-100(Fe),
a bimetallic MOF, was employed by Muder Al Haydar et al. as
a carrier of the drug aceclofenac, which has low solubility in
aqueous media. Compared to monometallic MIL-100(Fe), the
incorporation of a second metal expanded the MOF pore size,
enabling enhanced drug adsorption, and was beneficial for
providing an adequate dose within the body. The aceclofenac
loading capacity of MIL-100(Fe) was 27%, whereas the loading
capacity was 37% in Ca(1)-MIL-100(Fe), 57% in Mn(u)-MIL-
100(Fe), and 59% in Zn(u)-MIL-100(Fe), which exhibits the
superior activity of bimetallic MOFs compared to monometallic
MOFs. This highlights the superior performance of Fe-based
MMOFs in drug delivery compared to their monometallic
counterparts due to the higher loading of Fe-MMOFs.**

Fe-MMOFs demonstrate excellent electrochemical sensing
properties due to their two available oxidation states, Fe>* and
Fe**, and their synergistic effect with other metals can further
induce selectivity toward target detection.”>®® The swing
between these two states enables enzyme-like catalytic activity,
making Fe-MMOFs valuable components in biosensing plat-
forms. In this context, an Fe;Ni-MOF (BDC as the linker)
synthesized by Wang and coworkers demonstrated peroxidase-
like activity. Also, Ni can enhance peroxidase-like activity and
improve electron transport between H,O, and 3,3',5,5'-tetra-
methylbenzidine (TMB), facilitating oxidation of Fe*" to Fe®*
and generating more "OH radicals. This improvement enabled
ultra-sensitive detection of H,0,, which was further used to
develop a glucose detection system.®* In another case, Yuan
et al. developed a trimetallic MOF, FeCoNi-MOF (BDC as linker),
for detecting thiophenol. The XRD pattern of FeCoNi-MOF after
immersing in aqueous solution at pH 2, 7, and 12 for 24 h
showed no characteristic changes in its pattern, thus showing
its stability for sensor applications. This MOF exhibited both
peroxidase- and oxidase-like activity, catalyzing the oxidation of
TMB and directly oxidizing chromogenic substrates to oXTMB,
resulting in a blue product. The synergistic effect and efficient
electron transfer among Fe, Co, and Ni make FeCoNi-MOF
a highly sensitive and stable sensor for detecting biomarkers
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in water samples. The intensity of the EPR signal for trimetallic
MOFs is stronger than for bimetallic FeCo, FeNi, and CoNi-
MOFs and the bimetallic counterparts have a stronger EPR
signal than the monometallic Fe, Co and Ni-MOFs, indicating
synergistic effects among Fe, Ni, and Co in FeCoNi-MOF for
activation of H,0,. Its rapid reaction speed demonstrated the
potential of Fe-MMOFs for colorimetric sensing applications.**
In another instance, NH,MIL-101(Fe)@Ag exhibits nearly 100%
bactericidal activity against high concentrations of Staphylo-
coccus aureus and Escherichia coli. DFT simulations have indi-
cated that electrons are transferred from Ag to Fe-MOF due to
lower Ag work functions and higher Fermi energy compared to
Fe-MOF. Also, incorporation of Ag has little impact on the
adsorption energy of Fe-MOF, which indicates that O, can be
adsorbed on the NH,MIL-101(Fe)@Ag surface and produce
more reactive oxygen species (ROS) upon irradiation at
880 nm.”®

Fe-MMOFs are among the most extensively studied materials
for the electrocatalytic OER due to their synergistic effects with
other metals, which can result in highly efficient active sites.”***
The ability to release protons and alter the MOF structure
significantly impacts the active site density and overall catalytic
performance. The mixed valence states of Fe, such as Fe** and
Fe’", contribute to improved electronic interactions with other
metal ions, enabling enhanced intermediate production (e.g.,
*OOH in THE OER) with lower energy barriers. In one example,
Co,Fee-MOF (BDC as the linker) demonstrates a low over-
potential (241 mV at 10 mA cm ™ 2) and a Tafel slope of 30.1 mV
dec™ for the OER.™ The enhanced OER activity is attributed to
the optimal Fe/Co ratio that increases adsorption/desorption
processes and decreases crystallinity, yielding abundant active
sites.'® DFT calculation indicates that defect formation ener-
gies decrease as the Co/Fe ratio diminishes, corresponding to
the introduction of defects and disordered atom architectures
in the MOF. The defect structure can augment the number of
active sites and high charge transport, and the incorporation of
Fe ions can effectively optimize the electronic structure of metal
Co nodes, thereby facilitating adsorption/desorption of OER
intermediates. Also, the Co Fes-MOF shows a higher TOF value
(1.04 s™") than the others, indicating its reinforced intrinsic
activity in the OER process. In another example, PCN-Fe,Co-
Fe,Ni, MMOF having simultaneously two different mixed metal
clusters in the structure, either Fe,Co-(p-O)(CH;COO)s(H,0); or
Fe,Ni-(1-O)(CH3COO0)(H,0)3, shows an overpotential of 271 mV
and a Tafel slope of 67.7 mV dec '.** Also, no changes in the
PXRD patterns of PCN-Fe,Co-Fe,Ni in a broad range of pH
values from 1 to 14 demonstrate its stability. The higher OER
activity was related to the lower ionization potential of the
mixed metal cluster, increased electron density, and synergistic
effects between Co, Ni, and Fe.*® The density of states (DOS) of
Co and Ni 3d orbitals for mixed-metal mixed-cluster MOFs
exhibits a weaker negative shift compared to the PCN-250-Fe,Co
and PCN-250-Fe,Ni counterparts, which indicates that incor-
poration of another Fe,M cluster decreases the energy of Co and
Ni atoms and leads to Co and Ni atoms receiving higher electron
density in PCN-Fe,Co-Fe,Ni. Also, a high TOF value of 0.068 s~
at 350 mV reflects their excellent intrinsic activity of mixed-
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cluster MOFs compared to PCN-250-Fe,Co (0.024 s ') and PCN-
250-Fe,Ni (0.038 s~'). In another illustrative example, the Fe-
MMOF derivative of MIL-88A(Fe) (fumaric acid as the linker)
was prepared under hydrothermal conditions in the presence of
Ni(NO3), and Ce(NO;); and urea. The resulting 30%CeNiFe-
LDH obtained by etching of a CeNiFe MMOF exhibits superior
OER activity due to Ce strong affinity for oxygen donors and its
synergistic interaction with Fe and Ni, facilitating electron
transfer.'** Although the 3d orbitals of Ni and Fe play a critical
role in OER activity, the Fe 3d orbitals cross the EF, supporting
the stabilization of O-related species, while the Ni 3d band
synergy with Fe and Ce at the commensurate positions can
induce high electroactivity during the OER. Meanwhile, the Ce
4f orbitals overlap with Ni and Fe 3d orbitals, which can
modulate the electronic structure and enhance electron transfer
throughout the catalyst surface. In one of the examples, MIL-
53(Fe) (BDC as the linker) was modified mechanochemically
by adding Ni(OAc), and Co(NO;),. Ball milling decreases the
particle size of MIL-53(Fe), while the Ni and Co metal salts are
deposited on the external surface of the MOF crystallites. The
resulting trimetallic Fe/Ni/Co MOF achieves a low overpotential
of 180 mV (10 mA cm2) due to Fe-O-Ni/Co bonding, as sup-
ported by XANES and EXAFS analyses.'”> Regarding reported
examples of V-MMOFs in electrocatalytic water splitting, it was
found that the presence of V was favorable due to its multiple
valences, optimizing the binding energy of redox reaction
intermediates, lowering the overpotential and enhancing the
electrocatalytic activity. For instance, various M,V-MOFs (M =
Zn, Co, Fe, Mg, and Ni; BDC as the linker) containing trimetallic
clusters were explored for electrolytic water splitting in 1 M
KOH.'* Interestingly, these M,V-MMOFs were prepared by the
so-called pore-space-partition (PSP) strategy that consists of
performing the solvothermal synthesis of the mixed metal MOF
adding, besides the BDC linker, 2,4,6-tris(4-pyridyl)-1,3,5-
triazine.'® The bulky triazine linker occupies the pores gener-
ated in the framework by the coordination of the M,V metal
node and BDC dividing the internal space into three compart-
ments while adding further structural robustness due to the
additional coordination with the rigid triazine molecules. The
electrochemical data show that the OER activity of Fe,V-MOF
has a calculated TOF of 0.0243 s ! and an R, of 0.67 Q
measured by EIS characterization, resulting in better electro-
chemical activity than the other M,V-MOFs containing other
metals accompanying V and even compared to the commercial
IrO, catalyst, which has an overpotential of 330 mVv.'”
Furthermore, at a scan rate of 5 mV s~ ', both Fe,V-MOF (over-
potential = 198 mV at a current density of 10 mA cm ™ ?) and
Mg,V-MOF (overpotential = 195 mV at a current density of 10
mA cm %) have great performance for the HER in alkaline
media. Notably, Mg,V-MOF also exhibits HER activity in acidic
media with an overpotential of 215 mV at a current density of 10
mA cm 2. Also, Mg,V-MOF has the highest C4; (2.38 mF cm™?)
among M,V-MOFs. Besides remarkable activity, both Fe,V-MOF
and Mg,V-MOF exhibit long-term stability at a current density
of 10 mA cm™? for 12 h after 5000 cycles. The superior activity
and stability of Fe,V-MOF and Mg,V-MOF were rationalized as
derived from a combination of positive effects, including: (i)

This journal is © The Royal Society of Chemistry 2026
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higher valence states introduced by the presence of V that
improve the electrostatic interactions with the linkers and
establish a synergistic effect with the other metal ions at the
node, as can be experimentally assessed by XPS analysis, (ii)
higher hydrophobicity that favors bubble evolution during
water electrolysis by decreasing the surface tension, (iii) the
additional triazine linker at the pore space that further stabi-
lizes the structure, particularly under operational pH conditions
and electrochemical stress, and (iv) a decrease in the Gibbs free
energy of the rate-determining transition state due to the effect
of vanadium stabilizing the reaction intermediates, resulting in
better electrocatalytic activity.'®® In another instance, tetra-
metallic NiFeCoV-MOF-74 demonstrates an overpotential of
266 mV at a current density of 10 mA cm ™2, which is superior to
its bimetallic and trimetallic counterparts. Due to the effective
synergy among tetra-metals, electron transport from V** to Ni**
and Co?" is facilitated, and NiOOH and CoOOH on the surface
act as the active sites."*

Furthermore, Fe-MMOFs have significant potential in
supercapacitors and batteries. The synergistic effects of Fe with
other metals enhance OH™ adsorption, charge transfer, and
conductivity."” In one example, the solid derived from CoFe,-
MOF (BDC as the linker) demonstrates improved storage
capacity due to synergistic interactions, increased active sites,
and higher conductivity.>® Electronegativity facilitates charge
transfer with the electrolyte, which is a crucial process in Li* ion
batteries.

Fe-MMOFs serve as efficient catalysts due to their Lewis
acidity, which enhances the activity and selectivity of catalytic
processes. The presence of Fe in MOF structures results in high
TOF values and reaction rates by decreasing electron density
around neighboring metal ions, and oligomerization of Fe-oxo
clusters is disfavored by the interaction with other metal ions.
In one report, FCN-K MMOF derivative obtained by calcination
under N, atmosphere at 550 °C from Fe-Co-Ni-MMOF with
BDC linker promoted by K due to the augmenting surface
basicity which leads to the increasing alkali-metal content, and
shows exceptional performance in CO, hydrogenation via effi-
ciency of CO, conversion of 47.5% and selectivity of light olefins
46.8% which is attributed to the synergistic effect between Fe
and other metal ions within the MOF-derived solid, boosting
catalytic activity. Fe species can boost the binding force of Fe-O
and Fe-C, enhancing the stability of reactive phases, and sup-
porting the construction of FesC,.'"® In another instance,
bimetallic-derived FeMn-MOF was applied for non-radical
oxidation of peroxydisulfate (PDS) and illustrated the perfor-
mance of 96.5% within 10 min for the degradation of
sulfamethoxazole (SMX). The Fe;0,/Mn;0, interface, which can
contain Fe-Mn bonds, could effectively boost PDS adsorption
and electron-transport capacity.*® Their high stability at pH =2
is also due to the strong structural integrity and consistent
redox cycling of Fe and Mn active sites anchored on biochar.
This prevents metal leaching and maintains effective PDS acti-
vation. Furthermore, from DFT simulations, the adsorption
energy of PDS on Fe;0,/Mn;O, with Fe-Mn connections is
2.0 eV, which is higher than that of the Fe/Mn-O bonding model
(1.7 eV), indicating enhanced PDS activation.'®” In addition, the
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high valence (III) can also provide adequate stability to the
framework structure for any application if there is an adequate
Cr molar ratio, besides the expected synergistic effect derived
from the combination with other metal ions such as Fe.”” As one
example, the catalytic activity of bimetallic MIL-101(Cr/Fe) (BTC
as linker) for the Prins reaction between formaldehyde and B-
pinene was studied and found to be higher than that of
monometallic MIL-101(Cr). The enhanced catalytic activity is
due to the complementary role of Cr*" and Fe*" ions, in a way
that Cr** provides thermal and structural stability that is lack-
ing for MIL-101(Fe), while the presence of Fe®* ions in the
MMOF results in an increase of the activity of the Lewis acid
sites, therefore enhancing catalytic activity and stability.””

Fe-MMOFs are widely used in photocatalysis, where charge
transfer from Fe to other metals enhances the active site avail-
ability and improves photocatalytic charge separation
efficiency.’®**"* The multiple valence states of Fe facilitate
strong interactions with donors like H,O, optimizing photo-
catalytic reactions. This is exemplified by NH,-MIL101(Fe, Co),
with an optimal Co/Fe ratio of 0.15, which can achieve
a nitrogen photo-fixation efficiency of 335.7 umol g~* h™". The
synergistic interaction between Co and Fe strengthens light
harvesting, lowers the conduction band (CB) potential, and
activates N, more effectively. Monometallic Fe-MOF has
a strong PL peak at 460 nm, which can be related to the high
electron-hole recombination rate. However, the PL intensities
in bimetallic MOF samples are weaker than those of mono-
metallic MOF, that is related to the doping of Co, can suppress
the recombination electron hole pairs. Moreover, bimetallic
MOFs contain more oxygen vacancies that can be useful in the
adsorption and activation of N,.'” In another instance, doping
of Mn into MIL-53(Fe) illustrates that the incorporation of Mn
into the MOF can reduce the band gap and result in better
removal of crystal violet (CV) with a performance of 99.01%
under a 100-W xenon lamp. In conclusion, for these materials in
the photo-Fenton reaction, Mn** can promote the generation of
"OH radicals and Fe**. Furthermore, Fe*" swiftly activates H,0,
and generates radicals in the case of CV degradation."

From the above precedents, it can be concluded that Fe-
MMOFs continue to be among the most researched MMOFs
for a wide range of applications. In the case of biomedicine, Fe-
MMOFs enhance drug delivery through increased pore size,
higher cargo loading, and the immobilization of active sites. Fe-
MMOFs have been widely used in electrochemical sensing,
taking advantage of the various Fe oxidation states and the
enzyme-like peroxidase/oxidase activity of these materials,
combined with synergistic interactions with secondary metals.
Regarding pollutant removal and adsorption, the Lewis acidity
and structural robustness make Fe-MMOFs among the most
suitable materials. However, among all the applications, Fe-
MMOFs are mostly researched for their electrocatalytic activity
with a focus on the OER and novel, promising developments in
the UOR, HER, and other reactions. Also, the swing between two
different Fe oxidation states and synergistic effects with other
metals are very suited for this use, the enhanced activity
deriving from high active site density and facile charge transfer,
which results in low reducing overpotentials. Emerging
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applications of Fe-MMOFs in supercapacitors and batteries
leverage the ability of Fe to undergo charge transfer processes
and active site optimization. Regarding catalysis, Fe-MMOFs
exhibit high TOF values and selectivity due to the Lewis acid
behavior of Fe ions and electron density modulation through
interaction with other transition metal ions. In photocatalysis,
Fe-MMOFs often exhibit enhanced activity through more effi-
cient light harvesting, efficient charge separation, availability of
multiple oxidation states, and d-orbital electron dynamics by
interaction with the other metals present in the MMOF mate-
rial. Fe incorporation into MMOFs enhances their stability and
functionality, enabling efficient removal of pollutants from
aqueous and gaseous environments. In all these applications,
the use of Fe-MMOFs with Fe as the main metal has the
advantage of cost-effectiveness due to its abundance and
affordability, making Fe-MMOFs economically attractive for
large-scale applications. In addition, the low toxicity allows
their use in biomedical applications for drug delivery. Another
general effect of the presence of Fe on the MMOF is the
robustness of most of the materials due to the strong coordi-
nation bonds and the high coulombic charge of Fe*", both
factors contributing to the structural stability in various
solvents and under thermal treatment. Overall, the ability of Fe-
MMOFs to combine with other metals opens avenues for
a multitude of diverse applications. This review underscores the
importance of Fe-MMOFs, particularly in sensing, medicinal,
pollutant removal, and electrocatalysis applications, in which
the intrinsic properties of Fe and synergy with other metals
contribute to superior performance of the resulting Fe-MMOF.
The applications of Fe-MMOFs are summarized in Table 1,
illustrating the intense research on this type of material. This
positions Fe-MMOFs as crucial materials for advancing
sustainable and high-performance technologies. Further, Table
1 provides an extensive comparison of Fe-MMOFs amid diverse
applications for their performance. Although numerous Fe-
MMOFs demonstrate their efficiency for energy applications
due to their electro-active intrinsic nature, their performance
toward removal applications can also be promising compared
to other MMOFs. Table 1 presents various types of Fe-MMOFs
and their corresponding metal contributions, as well as their
applications and efficiencies, to inform future research. Their
synergistic interactions with Ni and Co represent one of the
most favorable engineering approaches for constructing
electrocatalysts and photocatalysts. Also, their synergistic
effects with Mn can be further explored, especially in energy
storage and conversion systems. In the future, Fe-MMOFs can
not only be explored for less investigated applications, but also
can be studied for optimizing the Fe content. Finding appro-
priate Fe content compared to other metals can especially affect
their performance, notably in catalysis.

5. Nickel-based MMOFs

Nickel-based MOFs (Ni-MMOFs) have gained significant atten-
tion due to their remarkable properties, low cost, environ-
mental compatibility, and corrosion resistance in alkaline
environments. Very frequently, Ni-MMOFs also enjoy sufficient

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta06669g

Open Access Article. Published on 12 February 2026. Downloaded on 6/21/2026 1:11:14 PM.

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

(cc)

Review

View Article Online

Journal of Materials Chemistry A

Table 1 Summary of the application of Fe-MMOFs or their derived composites or materials, indicating their efficiency®

Fe-MMOF Other metals Application Efficiency Ref.
NiFeMo-MOF Ni/Mo Electrocatalyst/water splitting C.d: OER and HER: 50 113
Cell voltage: 10/0.v: OER: 239 and HER:
119/T.f: OER: 87.0 and HER: 58.3/C.v:
1.50
Fe,03/ZnCo,0, Zn/Co Electrocatalyst/water splitting C.d: OER and HER: 10 114
Cell voltage: 10/0.v: OER: 212 and HER:
44.8/T.f: OER: 41.2 and HER: 35.8/C.v:
1.44
0.04Ru/FeCo-MOF Ru/Co Electrocatalyst/water splitting C.d: OER: 50 and HER: 10 cell voltage: 10/ 115
O.v: OER: 309 and HER: 180/T.f: OER:
84.0 and HER: 146/C.v: 1.498
Co,Fec-MOF Co Electrocatalyst/OER C.d: 10/0.v: 241/T.f: 30.1 100
NiFe-MOF Ni Electrocatalyst/OER C.d: 100/0.v: 277/T.f: 73 116
Fe,Ni;-MOF-TDC Ni Electrocatalyst/OER C.d: 10/0O.v: 211/T.f: 40.3 117
Fe(.75Nig 255, Ni Electrocatalyst/OER C.d: 10/0O.v: 247/T.f: 47.6 118
FeCo, sNij s-LDH Ni/Co Electrocatalyst/OER C.d: 10/0.v: 248/T.f: 38 119
CoNiFeO,-NC Ni/Co Electrocatalyst/OER C.d: 50/0.v: 265/T.f: 64.1 120
CoNiFeP-YSNSs Ni/Co Electrocatalyst/OER C.d: 10/0.v: 261/T.f: 49.5 121
FeCoNi@NC Ni/Co Electrocatalyst/OER C.d: 10/0.v: 285/T.f: 69.6 122
FeCoNi(OH);(BDC); 5 Ni/Co Electrocatalyst/OER C.d: 1000/0.v: 284/T.f: 29.5 123
MIL-59(FeNi)/Co NSs Ni/Co Electrocatalyst/OER C.d: 20/0.v: 216/T.f: 38.46 59
M-NiA-CoN Ni/Co Electrocatalyst/OER C.d: 10/0.v: 180/T.f: 41 102
FeCoNi-BHT Ni/Co Electrocatalyst/OER C.d: 10/0.v: 266/T.f: 88 124
FeNi,Co,-MOF Ni/Co Electrocatalyst/OER C.d: 10/0.v: 143/T.f: 68 125
30%CeNiFe-LDH Ni/Ce Electrocatalyst/OER C.d: 10/O.v: 242/T.f: 34 101
PCN-Fe,Co-Fe,Ni Ni/Co Electrocatalyst/OER C.d: 10/0O.v: 271/T.f: 67.7 48
(FeNiCoCrCu);0, Ni/Co/Cr/Cu Electrocatalyst/OER C.d: 10/0.v: 270/T.f: 49 66
(FeNiCoCrCu);0, Ni/Co/Cr/Cu Electrocatalyst/UOR C.d: 10/0.p: 1.35/T.f: 33 66
FLaN-MOF La Battery/LIBs C.d: 100/capacity: 337/cycle: 100 126
Fe-Mn-O/C Mn Battery/LIBs C.d: 100/capacity: 1294/cycle: 200 127
Fe-Fe, 33Mn 4,0/C Mn Battery/LIBs C.d: 1000/capacity: 626.8/cycle: 1000 128
NiFe/Mn-MOF Ni/Mn Supercapacitor S.p: 1640/C.d: 1.0 (5000 cycle)/E.d: 75/P.d: 129
1166/retention: 94%
CoFe,-MOF Co Supercapacitor S.p: 112.1/C.d: 1.0 (12 000 cycle)/E.d: 53
56.2/P.d: 1091.5/retention: 97.91%
NH,-MIL-88B (Fey 6Ing.4) In Photocatalyst/Cr(vi) reduction 86.83%/bandgap: 2.58 130
NM-Fe-0.15Co Co Photocatalyst/N, reduction NH; evolution rate: 335.7 pmol g~ h™* 109
10%Ni/Fe-MOF Ni Photocatalyst/dye degradation 96%/Bandgap: 2.55/R*: 0.98683/reuse: 5 131
cycles
Fe/Ni-T120 Ni Photocatalyst/CO, reduction CO evolution rate: 9.74/CO selectivity: 132
92.1%/bandgap: 1.69/AQE: 0.057%
Fe-Cu-T130 Cu Photocatalyst/CO, reduction CH, generation rate: 499.2/bandgap: 133
1.51/AQE: 0.0011%/reuse: 5 cycles
Fe.02Nig.10—C0g.15-PCN- Ni/Co Photocatalyst/CO, reduction CO yield: 299/bandgap: 1.92 134
250
Fe,Zn-MOF Zn Catalyst/imine synthesis 97%/80 °C/air/12 h/reuse: 5 cycles 135
MIL-101(Al/Fe)-NH, (15 : 1) Al Catalyst/Knoevenagel condensation 100%/90 °C/BDA/90 min/reuse: 5 cycles 136
reaction
Co/Fe-MOF Co Catalyst/synthesis of N- 94%/DTBP/120 °C/24 h/reuse: 5 cycles 137
pyridinylamides
MIL-101(Cr/Fe) Cr Catalyst/Prins reaction 63.75% (for Nopol)/selectivity: 80%/ 77
reuse: 4 cycles
FCN-K(a) Ni/Co Catalyst/CO, hydrogenation 47.5%/320 °C/selectivity: 46.8% 106
MOF-(Al, 5Cr, 3Fe) Al/Cr Catalyst/aromatization of p-xylene 21%/450 °C/selectivity: 91%/reuse: 3 138
cycles
Fe Pt Rh MOF Pt/Rh Sensing/detection of heart-type fatty LOD of 0.01-100 ng mL™" 139
acid binding protein
S-FCM-MOF@PCL Co/Mn Sensing/detection of bisphenol A and LODs (2.57, 2.91 uM) 140
S
Fe/4Cu-MOF Cu Sensing/selective colorimetric LOD of 1.0 x 10> CFU mL™" 141
detection of Salmonella typhimurium
in food
Fe/Ni-MOFs Ni Sensing/detection of thiamphenicol LOD: 0.030 and 0.031 nM 142
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Table 1 (Contd.)
Fe-MMOF Other metals Application Efficiency Ref.
Fe,Ni MIL-88B Ni Sensing/selective detection of LOD of 0.40 uM (S/N = 3) and higher 143
dopamine sensitivity of 124.7 pA mM ™" cm 2
Fe/Co-MOF Co Removal/toxic metals Absorbance of samples: 64.5% 144
Fe-Mg MOF Mg Removal/heavy metal Maximum adsorption capacity of Pb>* 145
(196 mg g™
FeCu-MOFs Cu Removal/adsorbents for gaseous Equilibrium adsorption: 12.27 mg g~* 146
elemental Hg removal
UiO-66(Fe/Zr) Zr Removal/removal and Adsorption capacity for Se(v) and Se(vi): 147
immobilization of Se 196 mg g ' at pH = 3 and 258 mg g~ " at
pH=5
Ag-Fe MOF Ag Removal/Cd and Cu removal Cd(u) and Cu(u) adsorption: 265 and 213 148
mg g
Mn-Fe MOFs Mn Removal/reductive removal of Cr(vi) Initial Cr(vi) concentration: 20 mg L™ ", 149
and 10 mg of photocatalyst within 30 min
PCN-250(Fe,Ni) Ni Adsorption and separation/SO, SO, uptake: 8.64 mmol g at 0.1 bar and 150
298 K
FeNi,-BDC Ni Adsorption and separation/organic 2.472 vs. 1.188 min~" for MBj; 0.616 vs. 151
dyes 0.421 min~" for MO
Cu/Fe-BTC Cu Adsorption and separation/U(vi) Optimum pH: 7.0 adsorption capacity: 152

354 mg g’1

¢ C.d: current density given in A g~ " or mA cm ™ for energy applications; O.v: overpotential given in mV; T.f: Tafel slope given in mV dec™"; C.v: cell
voltage given in V; O.p: onset potential given in V and S.p (specific capacitance) is given in Fg ', C g~ ', and mAh g~ '; E.d: energy density given in Wh
kg™%; P.d: power density given in W kg™ "; all percentages in the photocatalyst or catalyst represent the yield, conversion or any efficiency of MMOFs;
for further details, see the references; bandgap given in eV; AQE: apparent quantum efficiency; p.d: photocurrent density given in pA cm™?; RT: room
temperature; E,: energy activation given in kJ mol'; for further details, see the references. YSNSs: yolk-shell nanospindles; NC: N-doped carbon;
NS: nanosheets; BHT: benzenehexathiol; PCN: porous coordination network; FLaN: FeLaNa; NM: NH,-MIL-101; Fe/Ni-T120 and Fe-Cu-T130: mixed
metal MOFs prepared using dihydroxyterephthalic acid by solvothermal synthesis at the indicated temperature; FCN-K(a): FeCoNi MOF-derived
carbon material incorporating K after calcination; PCL: polycaprolactone coated.

thermal and chemical stability. These characteristics, combined
with a high specific charge capacity, make Ni-MMOFs versatile
materials for applications in energy storage, catalysis, medicine,
and sensing. Ni-MMOFs enhance their performance in these
applications by incorporating additional metals, resulting in
overall improvements in electrical conductivity, stability, and
catalytic performance.'*'>*

Ni-MMOFs exhibit excellent stability and electrocatalytic
performance in alkaline electrolytes, making them suitable for
electrochemical sensors under certain conditions. Incorpo-
rating additional metals into Ni-MOFs enhances conductivity,
active site density, and overall catalytic efficiency. In one
example, NiCo-BTC/CC, a bimetallic MOF (BTC: 1,3,5-
benzenetricarboxylate, as the linker) on carbon cloth (CC),
significantly improves glucose sensing due to the presence of
cobalt with enhanced oxygen adsorption and charge redistri-
bution between Ni and Co ions. The synergistic effect between
Ni and Co augments the activity and stabilizes the MOF archi-
tecture, which leads to premier sensitivity and stability
compared to monometallic MOF counterparts. The bimetallic
MOF exhibits a sensitivity of 2701.29 pA mM ™" cm ™ > with a low
detection limit of 0.09 uM.***

Ni-MMOFs are highly effective for removing heavy metals in
aqueous media due to their large surface areas, expanded pore
sizes, and augmented negative charge layers. This is exempli-
fied by 2D Ni/Cd-MOF sheets (BDC as the linker) that outper-
form monometallic Ni-MOF in Pb®>" removal due to increased
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electrostatic repulsion between the 2D MOF sheets, minimizing
their stacking and improving the adsorption capacity. The
bimetallic MOF exhibits a larger surface area and pore size,
facilitating efficient contaminant removal. Stability at various
pH illustrated that the bimetallic MOF is well maintained as
evidenced by XRD results, but slightly collapses at pH 2.
However, Ni-MOF and Ni/Cd-MOF in strong alkaline solutions
led to the dissolution of 2D MOFs. Furthermore, bimetallic
MOFs contain more crystal defects and vacancies. Thus,
compared to monometallic Ni-MOF, bimetallic Ni/Cd-MOF
shows a higher specific surface area and higher surface elec-
tronegativity, which leads to effective, rapid diffusion of Pb** to
its active sites.">®

In the pharmaceutical field and health monitoring, Ni-
MMOFs demonstrate potential usage for antibacterial and
wound-healing, and piezoresistive sensor applications."*”*** As
an example, NiCoCu-based MOF nanosheets (BDC as the linker)
exhibit peroxide-like activity, catalyzing H,0, to “OH radicals.
This enhances antibacterial performance against methicillin-
resistant Staphylococcus aureus and Gram-positive Escherichia
coli. Copper incorporation accelerates wound healing due to the
combination of 2D NiCoCu-MMOF, which has good stability in
DMF solution and absolute ethanol, and H,0, by facilitating
electron transfer and stabilizing nanoenzymes, which results in
preventing inflammation and accelerating skin growth. These
results make NiCoCu-MMOF a promising candidate for thera-
peutic applications. The addition of Cu®* as a cofactor enhances

This journal is © The Royal Society of Chemistry 2026
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the high POD-like activity, and Ni and Co can shorten the
electron transport and ion diffusion pathways.*’

Ni-MMOFs and their derived forms have been extensively
studied as electrocatalysts in OER, HER, and UOR
applications.**** Incorporating metals such as Fe, Co, and Cu
further enhances electron transfer, reduces overpotential, and
increases active sites. In the OER, Ni-MMOFs benefit from the
synergistic effects of multiple metals, which enhance electrical
conductivity and optimize intermediate adsorption. In one
example, Ni-BDC MOFs incorporating Er showed improved
OER and HER activity. The Er, sNi-BDC MOF exhibits an over-
potential of 420 mV for the OER, while the ErNi-BDC MOF
achieves an overpotential of 270 mV for the HER, demon-
strating the impact of Er in enhancing active sites and
improving electrocatalytic efficiency.'® In another example, the
NiFe, ,C0, 3-ZIF trimetallic MOF (2-methylimidazole as linker)
exhibits an even lower overpotential of 216 mV and a Tafel slope
of 23.25 mV dec™ " at 100 mA cm™>. The synergistic interaction
among Fe, Co, and Ni reduces the energy barrier and increases
active sites, boosting OER performance. Also, the higher
intrinsic activity of NiFe, ,Cog 3-ZIF in the OER was evidenced by
achieving a TOF of 0.0259 s~' compared to Ni-ZIF and NiFeg ,-
ZIF solids, both of which are below 0.01 s~'.* In another
instance, bimetallic NiFe-MOF-BF, -0.3 NSs exhibit a low
overpotential of 237 mV at a current density of 10 mA cm ™2 with
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a Tafel slope of 41 mV dec ' in alkaline media. Based on XPS
analysis, electron transport from Ni or Fe to F in the counterion
leads to better charge transfer and alters the coordination
environment of metals, therefore accelerating OER kinetics in
the electrochemical procedure and enhancing OER activity.
Fig. 9 illustrates the theoretical calculations where the intro-
duction of Fe into the monometallic Ni-based MOF leads to
a conduction band closer to the Fermi level. During synthesis,
Fe”" ions are converted to Fe*" ions and exchanged with some of
the Ni** ions. Furthermore, the addition of counterions also
augments the electron number close to the Fermi level which
both Fe and counterions favor to a new electronic state which is
evidenced by better conductivity and activity of the synthesized
MOF. Also, achieving lower energy shifts for bimetallic coun-
terion MOFs in comparison to monometallic and bimetallic
MOFs can increase OER activity by regulating OH*, O*, and
OOH* adsorption in an electrochemical procedure. A higher
charge density and lower energy barrier are also important
factors for better OER activity of NiFe-MOF-BF, -0.3 NSs.**’

In another example, NijsFe,s-THQ exhibits better OER
activity in comparison with Ni-THQ, Ni, gFeq ,-THQ, Niy sFeq 5-
THQ, Niy ,Fe, s-THQ, and Fe-THQ, as evidenced by a higher Cy4;
efficiency of 0.852 mF cm 2, a larger ECSA of 21.25 cm?
a higher mass activity of 175 mA mg ™" which is pertinent to the
intrinsic activity of the MOF, and a higher TOF of 0.026 s, as
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Fig. 9 DOSs of (a) Ni-MOF NSs; (b) NiFe-MOF NSs; (c) NiFe-MOF-BF,;~ NSs; (d) d-band center of Niin Ni-MOF NSs, and Ni and Fe in NiFe-MOF
NSs and NiFe-MOF-BF,;~ NSs; and the density difference of (e) NiFe-MOF NSs and (f) NiFe-MOF-BF,~ NSs with an isosurface value of 0.003 eV
A~3. Yellow and cyan regions represent charge depletion and accumulation, respectively; (g) calculated free energy for the OER with Ni-MOF NS,
NiFe-MOF NS, and NiFe-MOF-BF,~ NS surfaces at 0 and 1.23 V; and (h) nogr comparison of Ni-MOF NSs, NiFeMOF NSs, NiFe-MOF-BF,~ NSs.
Reproduced with permission from ref. 167, copyright 2022 American Chemical Society.
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Fig. 10 Comparison of the performance of NigsFeqgs-THQ with other MOFs and commercial RuO, for OER applications. Reproduced with

permission from ref. 168, copyright 2024 Wiley.

well as other catalysts performance exhibited in Fig. 10. The
adsorption energy of OH™ species on iron sites is —0.54 eV in
NiysFeqs-THQ, which is lower than that on adjacent nickel
sites, which is —0.05 eV, resulting in the Fe sites acting as active
metal centers for the OER. Also, the synergistic effect between
Fe and Ni in bimetallic MOFs can reinforce the OER activity by
decreasing the energy barrier of the intermediate product. In
addition, the highest d-band center of Fe sites in bimetallic
MOFs illustrates strong adsorption capacity for species, which
leads to higher OER activity due to the transport of d-electrons
of the Ni site to the Fe site via d-m conjugation on the surface of
the bimetallic MOF.*%®

In another pertinent example, NiCoFe-NDA (NDA: 1,6-
naphthalenedicarboxylic acid) grown on NF showed a lower
overpotential of 215 mV and a lower Tafel slope of 64 mV dec ™"
at a current density of 10 mA ecm > and higher C4, compared to
monometallic Ni-NDA/NF, Co-NDA/NF, and Fe-NDA/NF and
commercial IrO,. In addition, NiCoFe-NDA exhibited enhanced
stability (a current density of 100 mA cm ™2 via 6% decay after 50
h), as shown in Fig. 11. This enhanced performance in the OER
application is related to the (i) lower coordination environment
for NiCoFe-NDA (4-coordinated) via applying Fe also, Fe*"*"
can decrease overpotential by optimizing rate-determining
steps, leading to better OER activity, which is provided by
theoretical methods; (ii) synergistic effect between metal ions
and the formation of metal oxyhydroxides, which is beneficial
for OER application.'®

High entropy MOFs have recently been explored due to their
diverse synergistic effect between metals for electrocatalysis.'”®
For instance, a penta-metallic high entropy MOF composed of
Ni, Co, Zn, Fe, and Mo metals (HE-MOF) exhibits an over-
potential of 254 mV at a current density of 50 mA cm™>. High-
entropy materials can minimize Gibbs-free energy but have
flaws in the OER process due to the harsh synthesis conditions.
They produce bulk forms in which adjacent nanoparticles of
bulk high-entropy materials can overcome this demerit.
Furthermore, the synthesis of ultrathin HE-MOFs due to rich
active sites, synergy between metal ions, and high entropy can
lead to better OER activity compared to their counterparts, as
shown in Fig. 12."”* Compared to other multi-metallic MOFs, Ni-
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MMOFs have been less explored as heterogeneous catalysts,
primarily because other metal ions often exhibit superior cata-
Iytic activity. Nevertheless, the incorporation of Ni alongside
other metals can enhance catalytic performance by creating
open metal sites and oxygen vacancies and by reaction inter-
mediate stabilization. These features make Ni-MMOFs valuable
for applications such as dehydrogenation and hydro-
deoxygenation. One of the recent examples of Ni-MMOFs as an
electrocatalyst is the use of a NiFe-GA (GA: gallate) bimetallic
MOF for the OER, showing superior activity with overpotentials
of 185 mV and 236 mV for 10 mA cm ” and 100 mA cm > in
1.0 M KOH, respectively. This performance was attributed to the
hexagonal structure of NiFe-GA, ample active sites, and strong
d-p orbital overlaps between Ni, Fe, and oxygen, reducing
activation barriers and enhancing catalytic efficiency.'”
Similarly to the OER, the HER activity in Ni-MMOFs can also
improve significantly upon the introduction of metals that shift
the d-band center to lower energy levels. For example, NiRuy ;3-
BDC, a bimetallic MOF, achieves remarkable HER activity with
a remarkably low overpotential of 36 mV at 10 mA cm >
Ruthenium incorporation enhances electron interactions and
modifies the Ni electronic structure, optimizing intermediate
adsorption and facilitating H, release.'”® Regarding the UOR,
Ni-MMOFs facilitate urea oxidation by generating highly
oxidizing Ni*" species that enhance electron withdrawal and
boost catalytic activity. In one of the reports on multi-metallic
Ni MOFs, Fc-NiCo-BDC (Fc denoted as ferrocene carboxylic
acid) demonstrates superior UOR and OER activity due to
ferrocene electronegativity, which enhances active site accessi-
bility and reduces the bandgap of NiCo-BDC, improving elec-
trical conductivity.'”* Control of the electronic density of Ni and
Co using Fc plays a crucial role in adjusting the adsorption of
reaction intermediates, which is essential for achieving high
turnover frequencies. In this way, a NiMg-MOF-74-derived Ni-
N-C catalyst containing single Ni atoms demonstrates a fara-
daic efficiency of 90% in CO, reduction towards CO, high-
lighting its potential for energy storage applications.®® In this
solid, the role of Mg was to dilute Ni in the MOF structure that
upon transformation into the N-doped carbonaceous material,
becomes isolated as single atoms, rather than forming Ni

This journal is © The Royal Society of Chemistry 2026
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Fig. 11 Evaluating OER activity of NiCoFe—NDA/NF in terms of (a) LSV curves, (b) Tafel slope, (c) Nyquist plots, (d) Cq, (e) ECSA-normalized LSV
curve, and (f) chronoamperometric curves. Reproduced with permission from ref. 169, copyright 2021 Royal Society of Chemistry.

nanoparticles. The activity of Ni metal in MMOFs is fully
investigated toward electrocatalysts. Reports demonstrate that
Ni is one of the most vital metals for electrocatalysts in MMOFs.
Due to the electroactive nature of Ni, this metal can be a pivotal
candidate for electrocatalytic activity by reducing the over-
potential and energy barrier of the RDS. Approximately, most of
the Ni incorporation is pertinent to mixed Ni-FeMOFs, whose
synergistic effect demonstrates higher electrocatalytic activity

conductivity by Ni. Furthermore, when the location of Ni is
adjacent to the Fe and Co, can be considered to be a potential
candidate for electrocatalysts for MMOFs engineering. For
example, a Nis;In;-Fc/NF MOF, due to the synergistic effect
between Ni and In, can optimize the electronic structure and
the adsorption of intermediates, including *COOH and *CO,
which lead to better CH, production with a faradaic efficiency of
76% and superior structural stability over a 16 000-second

due to the lowering of overpotential by Fe and increased period. The incorporation of FcDA®>~  (ferrocene-
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Fig.12 Comparison of the overpotential of HE-MOF with other mono-, bi-, tri-, and tetra-metallic MOFs, bare NF, and commercial IrO, solids.
Reproduced with permission from ref. 171, copyright 2022 American Chemical Society.
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1,1'dicarboxylate) with w-conjugation and reversible redox
features can support the electron conductivity and prompt
catalytic selectivity. Based on DFT simulations, the *CO inter-
mediate formation illustrated that Ni/In dual sites have a high
energy barrier, validating its role as the rate-determining step
for total reaction kinetics. Also, the Ni-only configuration
illustrated that the lowest energy barrier for *CH, desorption
leads to rich active sites and buffers subsequent reactions.'”
Ni-MMOFs have demonstrated exceptional potential for
energy storage applications, including batteries and super-
capacitors, owing to their ability to enhance charge transport,
increase specific capacitance, and generate abundant active
sites.”””®177 In one of the studies in this area, a bimetallic Ni, Co
MOF of 1,3,5-benzenetricarboxylic acid with an optimal 15%v
Co submitted to in situ etching exhibits a specific capacity of
108.5 mAh g~" at 0.5 A g~ ', with 84.3% retention over 6500
cycles reported. Its unique morphology, comprising aggregated
nanowires, offers abundant active sites that facilitate charge
transport and accelerate redox reactions through synergistic
interactions.” In another study, a bimetallic NiMn sulfide
derived from the corresponding bimetallic MOF-74 containing
2,5-dihydroxybenzene-1,4-dicarboxylic acid as the linker was
transformed into the corresponding sulfide derivative by sul-
phuration of the mixed NiMn oxide resulting from the calci-
nation of the MOF at 450 °C in air. NiMnS exhibits a specific
capacitance of 2510.15 Fg~ ' at 1 Ag~ " and 84.5% retention after
5000 cycles. The reason for this excellent performance is the
mesoporous structures that increase the surface area and pore
size, enhancing ion transfer rates and facilitating electrolyte
access. XPS data confirm the presence of Ni*" and Mn>*, which
enhance conductivity and provide redox activity for charge
storage.””® In a trimetallic phosphide supported on carbon
derived from NiCoZn-MMOF-74, it was found that segregated
ZnO plays the role of preserving the porous structure inherited
from the MOF, while Ni and Co undergo phosphidization to
form mixed NiCoP nanoparticles in intimate combination with
ZnO. The material stores electrical energy through a mixed
mechanism combining double-layer capacitance and faradaic
charge storage, reaching energy densities of 44.6 Wh kg™ ' at
1500 W kg™ " using a liquid electrolyte and 35.4 Wh kg~ " at 1500
W kg~ " with a quasi-solid-state electrolyte. The energy storage
capacity was maintained at over 90% of the value of the fresh
material after 5000 charge-discharge cycles. This NiCoZnP/C
material illustrates the synergistic effects that can be derived
from different roles played by the various metals.””® The redox
potential of Ni ions makes Ni-MMOFs among the most widely
used materials for energy storage systems. Several conclusions
can be drawn from the analysis of these reports, including: (i)
prevalence of Ni metal: Ni-MMOFs account for 31.25% of total
energy storage systems, highlighting the significance of this
element in this field; (ii) Ni-CoMOFs correspond to approxi-
mately 75% of the Ni-MMOFs used in electrical energy storage
systems implying synergistic interactions between Ni and Co,
attributed to their appropriate redox potentials that allow
reaching high specific capacitance, and (iii) the multiple Mn
oxidation states complement Ni, resulting in enhanced charge
transport and energy storage efficiency for NiMn-MMOFs. The
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key features provided by Ni metal in Ni-MMOFs applied to
energy storage are (i) mixed Ni**/Ni** valence states occurring at
high potentials, enhancing electron availability, and supporting
higher specific capacitance; (ii) occurrence of synergistic effects
with other metals, such as the previously discussed Ni-Co and
Ni-Mn pairs, improving conductivity, redox charge storage, and
ion transfer rates; (iii) possibility of synthesizing materials with
unique morphologies, such as nanowires and mesoporous
frameworks providing a high surface area and exposure of
abundant active sites for electrolyte interaction; and (iv) dura-
bility exhibiting a high energy retention percentage over
multiple cycles to ensure long-term stability. Table 2 offers
additional examples of Ni-MMOFs in energy storage, show-
casing their versatility and potential for advancing next-
generation battery and supercapacitor technologies.

Regarding thermal catalysis, a Ni-MMOF derivative con-
taining a Ce/Ni atomic ratio of 1/3 was obtained by calcination
of NiCeMOF (with trimesic acid as the linker) at 500 °C under
a N, flow. The resulting derivative consists of rod-shaped
mesoporous CeO, with high oxygen vacancy density supported
on carbonaceous residue containing Ni nanoparticles. Ni-CeO,/
C demonstrates outstanding catalytic activity for hydro-
deoxygenation of lignin model molecules, like vanillin,
achieving a >95% conversion rate and 81.4% selectivity to 2-
methoxy-4-methylphenol with four-cycle reusability. This
performance is attributed to the synergistic effect of Ce and Ni,
which increases oxygen vacancy density on the CeO,, facilitating
vanillin conversion.” Ni-MMOFs exhibit significant potential in
photocatalysis and removal of dyes due to their synergistic
effects between Ni and other metal ions.**'”® These effects
diminish the energy band gap, which increases light harvesting
and improves the regulation of energy barriers and Gibbs-free
energy. Ni high affinity for 7* orbitals, enabled by its d® elec-
tron configuration, makes it particularly effective for photo-
catalytic CO, reduction and hydrogen evolution. Ni-MMOFs
excel in CO, photoreduction due to their ability to stabilize
intermediates and to lower energy barriers when combined with
other metals. In one report, Niy.;5Mgo..5-MOF-74 was found to
achieve a yield of 0.64 mmol h™" gyor ' of HCOO™ in pure CO,,
much higher than the yield of Ni-MOF-74 as a photocatalyst
(0.29 mmol h™* gyor '). Mg-MOF-74 was, on the other hand,
inactive as a photocatalyst. It was proposed that the activity of
Nig.75Mgo.05-MOF-74 arises from the strong CO, affinity of Mg
and the synergistic interaction between Mg>* and Ni**, stabi-
lizing the *OCOH intermediate, decreasing the energy barrier
and enhancing efficiency.*® In another example, NiZrCu-BDC,
a two-dimensional trimetallic MOF, reduces CO, to methanol
and ethanol with efficiencies of 41.05 umol h™! g~* and 36.62
umol h™' ¢!, respectively. The ultrathin structure (4 nm)
diminishes the distance required by charge carriers to reach the
surface, while Zr and Cu promote CO, chemisorption and
intermediate stabilization.'® Ni-MMOFs are efficient materials
to promote the HER. Their performance can be further opti-
mized by regulating the free energy values of hydrogen
adsorption (AGy+), which is a suitable descriptor to predict the
proton reduction efficiency. Incorporating additional metals,
like Pt, can increase Ni intrinsic HER catalytic activity. In one
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additional metals and their efficiency data®

Ni-MMOF Other metals Application Efficiency Ref.
ErysNi-BDC MOF Er Electrocatalyst/water splitting C.d: OER: 100 and HER: 10/0.v: OER: 420 165

and HER: 270/T.f: OER: 99.0 and HER:

103
MIL-53(Ru-NiFe) Ru/Fe Electrocatalyst/water splitting C.d: OER and HER: 50 181

Cell voltage: 50/0.v: OER: 210 and HER:

62/T.f: OER: 42.0 and HER: 49/C.v: 1.6
Mn, s,Feq 71 Ni-MOF-74 Mn/Fe Electrocatalyst/water splitting C.d: OER: 100 and HER: 10/0.v: OER: 267 60

and HER: 99/T.f: OER: 36.7 and HER:

103.8
Co-Ni-Al-MOFs” Co/Al Electrocatalyst/water splitting C.d: OER and HER: 50/0.v: OER: 220 and 182

HER: 174/T.f: OER: 97 and HER: 108
Pt-NiFeMOF* Pt/Fe Electrocatalyst/water splitting C.d: OER and HER: 100 183

Cell voltage: 10/0.v: OER: 261 and HER:

125/T.f: OER: 40.43 and HER: 77.34/C.v:

1.45
FeCoMnNi-MOF-74 Fe/Co/Mn Electrocatalyst/water splitting C.d: OER: 50, HER: 10, and cell voltage: 184

10/0.v: OER: 250 and HER: 108/T.f: OER:

41.28 and HER: 72.89/C.v: 1.62
Coy.,Feq gNi-OCNF Fe/Co Electrocatalyst/water splitting C.d: OER, HER, and cell voltage: 10/0.v: 52

OER: 291 and HER: 259/T.f: OER: 36.1

and HER: 94.2/C.v: 1.65
Ni-MOF-Fe-2 Fe Electrocatalyst/OER C.d: 10/0.v: 269/T.f: 47.1 185
Nig sFeq 5-THQ Fe Electrocatalyst/OER C.d: 10/0.v: 272/T.f: 47.9 168
Feo 5-BMM-10-7007 Fe Electrocatalyst/OER C.d: 50/0.v: 359/T.f: 79.2 186
NiFe-NDC, ¢BDC, 1 Fe Electrocatalyst/OER C.d: 10/0.v: 295/T.f: 69.4 187
NiFe-MOF-BF4-0.3 Fe Electrocatalyst/OER C.d: 10/0.v: 237/T.f: 41 167
NiFCi)AFleo.s/NFe Fe Electrocatalyst/OER C.d: 100/0.v: 213/T.f: 45 51
NiFe-GA Fe Electrocatalyst/OER C.d: 100/0.v: 236/T.f: 28.74 172
(NiZCol)o,gsteoms—MOFf Fe/Co Electrocatalyst/OER C.d: 10/0.v: 257/T.f: 41.3 188
NiCoFe-NDA/NF Fe/Co Electrocatalyst/OER C.d: 10/0.v: 215/T.f: 64 169
FCN-BTC/NF Fe/Co Electrocatalyst/OER C.d: 300/0.v: 268/T.f: 29.3 189
NiCo, 4oBDC-Fcg »5/NF Fe/Co Electrocatalyst/OER C.d: 50/0.v: 263/T.f: 41 190
FeCoNi-btz/NF Fe/Co Electrocatalyst/OER C.d: 10/0.v: 263/T.f: 64 191
NiFe, ,C0 3-ZIF$ Fe/Co Electrocatalyst/OER C.d: 100/0.v: 216/T.f: 23.25 166
NiFeZn MOF nanosheets” Fe/Zn Electrocatalyst/OER C.d: 10/0O.v: 233/T.f: 37.8 192
Ni;Fe,Cro 3-MOFs Fe/Cr Electrocatalyst/OER C.d: 10/0.v: 333/T.f: 66 193
Ni,Co,Fe,-MOFs" Fe/Co Electrocatalyst/OER C.d: 10/0.v: 243/T.f: 48.1 194
Ru@NiCo-MOF HPNs Ru/Co Electrocatalyst/OER C.d: 10/0O.v: 284/T.f: 78.8 195
(Ni;Co,);Fe,-MOFNSs” Fe/Co Electrocatalyst/OER C.d: 10/0.v: 245/T.f: 50.9 196
FeCo, 5Ni, 5-NBs Fe/Co Electrocatalyst/OER C.d: 10/0.v: 273/T.f: 51.1 197
FeNiCo-1,3,5-BTC-MOF Fe/Co Electrocatalyst/OER C.d: 10/0.v: 239/T.f: 42.4 198
Fc-NiCo-BDC Fe/Co Electrocatalyst/OER C.d: 200/0.v: 273/T.f: 32 174
NiFe-25" Fe Electrocatalyst/OER C.d: 10/0.v: 299/T.f: 48.7 199
t-NiCoFe-LDH Fe/Co Electrocatalyst/OER C.d: 10/0.v: 277/T.f: 68.83 200
Ni-MOF-Fe-Se-400 Fe Electrocatalyst/OER C.d: 10/0.v: 242/T.f: 41.25 201
CoNi-Cu(BDC) Co/Cu Electrocatalyst/OER C.d: 10/0.v: 327/T.f: 75.7 202
FeCoNiMnMOF/NF Fe/Co/Mn Electrocatalyst/OER C.d: 50/0.v: 239/T.f: 62.05 50
HE-MOF Fe/Co/Zn/Mo Electrocatalyst/OER C.d: 50/0.v: 254/T.f: 61 171
CoNiP-0.25 Co Electrocatalyst/HER C.d: 20/0.v: 170/T.f: 52 203
NiMo/CuO@C Cu/Mo Electrocatalyst/HER C.d: 10/0.v: 85/T.f: 290 204
NiRu, ;3-BDC Ru Electrocatalyst/HER C.d: 10/0.v: 36/T.f: 32 173
In/Ni-MOF? In Electrocatalyst/HER C.d: 10/0.v: 215/T.f: 131.11 205
NiFe-MIL-53-NH, Fe Electrocatalyst/UOR C.d: 50/0.p: 1.398/T.f: 14 206
TM-MOF-800 Co/Zn Electrocatalyst/UOR C.d: 10/0.p: 1.37/T.f: 137 207
Fc-NiCo-BDC Fe/Co Electrocatalyst/UOR C.d: 10/0.p: 1.35/T.f: 41 174
NiFeMn-pma Fe/Mn Battery/LIBs C.d: 100/capacity: 624/cycle: 100 208
Fe-Co-Ni NFSs Fe/Co Battery/LIBs C.d: 1000/capacity: 489/cycle: 1000 209
Ni-MnO/PC Mn Battery/AZIBs C.d: 3000/capacity: 347.4/cycle: 6000 210
Co/Ni-MOF Co Supercapacitor S.p: 2608/C.d: 1.0 (5000 cycle)/E.d: 47.3/ 211

P.d: 780/retention: 88%
NiCoMOF-2 Co Supercapacitor S.p: 108.5/C.d: 0.5 (6500 cycle)/E.d: 45.7/ 70

This journal is © The Royal Society of Chemistry 2026
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Table 2 (Contd.)

Ni-MMOF Other metals Application Efficiency Ref.

2D CoNi(1 : 6)-MOF* Co Supercapacitor S.p: 455/C.d: 0.5 (3000 cycle)/E.d: 38.8/ 212
P.d: 263.3/retention: 73.9%

VNi-MOF NSAs/NF \ Supercapacitor S.p: 516.5/C.d: 1.0 (12 000 cycle)/E.d: 43/ 213
P.d: 800/retention: 85.6%

Zn,Niz;-M'’ Zn Supercapacitor S.p: 466.5/C.d: 0.5 (2500 cycle)/E.d: 9.55/ 214
P.d: 3600/retention: 44%

NiMn-S" Mn Supercapacitor S.p: 2510.15/C.d: 1.0 (5000 cycle)/E.d: 178
82.2/P.d: 800/retention: 84.5%

Ni-Co-Mng »5 MOF* Co/Mn Supercapacitor S.p: 1575/C.d: 1.0 (5000 cycle)/E.d: 73.56/ 215
P.d: 399/retention: 81.64%

NiCoMn-MOF" Co/Mn Supercapacitor S.p: 1000/C.d: 4.0 (5000 cycle)/E.d: 55/P.d: 216
2467/retention: 97%

NiCoMn-HMT" Co/Mn Supercapacitor S.p: 905/C.d: 3.0 (5000 cycle)/E.d: 78/P.d: 217
3500/retention: 96%

[Ni(ps-pic)o-K(n-SCN)],, K Photocatalyst/dye degradation 94%/R?: 0.964/reuse: 4 cycles 218

Fe-Ni-P Fe Photocatalyst/water splitting H, and O, production: 5420 and 900.3/ 80
reuse: 4 cycles

FeNi-MOFs Fe Photocatalyst/pollutant degradation Fe** recovery with Fe**/Fe*" cycling 219
efficiency >58%

Nig 75Mg »5-MOF-74 Mg Photocatalyst/CO, reduction HCOO™ yield: 0.64 46

HTHATN-Ni-Pt-NS Pt Photocatalyst/hydrogen evolution Band gap: 1.11/hydrogen evolution rate: 82
472 mmol g ' h™*

NiZrCu-BDC Zr/Cu Photocatalyst/CO, reduction Methanol: 41.05 pmol h™" g~ '/ethanol: 16
36.62 umol h™" g™*

3Ni-Ce/C’ Ce Catalyst/hydrodeoxygenation of >95.0%/selectivity: 81.4%/reuse: 4 cycles 79

lignin derivatives vanillin

CuNi-MOFs" Cu Catalyst/reduction of 4-nitrophenol Apparent rate constant: 0.153 s~ '/reuse: 5 220
cycles

Ni/Cu-MOFs’ Cu Sensing/glucose biosensors Detection limit: 0.51 uM/sensitivity: 221
26.05 pA cm 2 mM *

NiCo-HHTP Co Sensing/biosensor for miRNA-141 Detection limit: 0.69 fM 222

Ni/Co(HHTP)MOF Co Sensing/determination of glucose in Detection limit: 100 nM/sensitivity: 3250 223

serum and beverage pAmM ! ecm 2

NiCo-MOF Co Sensing/glucose biosensing Detection limit: 0.29 pM/sensitivity: 224
0.6844 mA mM ™' em™?

NiCoFe-MOF Fe/Co Sensing/H,0, Detection limit: 2.1 pM 225

Ni Fe-MOF Fe Removal/dye and antibiotic Adsorption removal (Qpax): 395.9 mg g~/ 226
removal of tetracycline: 568.1 mg g~

BUT-85 Ni Separation/C,H,: CO, PH stability: 3 to 13 227

“ C.d: current density given in A g~" or mA cm ™ for energy applications; O.v: overpotential given in mV; T.f: Tafel slope given in mV dec™; C.v: cell
voltage given in V; O.p: onset potential given in V; and S.p (specific capacitance) is given in F g™', C g~!, and mAh g~ '; E.d: energy density given in
Wh kg™'; P.d: power density given in W kg~ "; for further details, see the references; bandgap given in eV; AQE/photocurrent density (pd) given in pA
cm™?; RT: room temperature; TOF; TON; E,: energy activation given in k] mol™; for further details, see the references. NS: nanosheets; LDH: layered
double hydroxide; OCNF: derived oxygen carbon nanoflower; THQ: tetrahydroxy-1,4-benzoquinone hydrate; GA: gallic acid; HPNs: hollow porous
nanospheres; NBs: nano-bundles; HE: high entropy; TM: trimetallic; pma: benzene-1,2,4,5-tetracarboxylic acid; NFSs: nano frame
superstructures; HTHATN: S- termlnated hexathlohexaazatrlnaphthylene, HHTP 2,3,6,7,10,11- hexahydroxytrlphenylene, BUT: Beijing Umver51ty
of Technology; NSAs: nanosheet arrays.  BTC and bipyridine as linkers. ° NiFe-BDC nanosheet agglomerates grown on nickel foam. ¢ Linkers
for BMM denoted as H3TPO (tris-(4-carboxyphenyl) phosphine oxide) and dabco (1,4~ dlazablcyclo[z 2.2]-octane). © Composed of mixed hgands
1,1- ferrocene dicarboxylic acid (Fc) and defective ferrocene carboxyllc acid (Fc).” BDC as the organic ligand. ¢ 2- Methyhmldazole as the organic
llnker Derived from MOF-74. ! BTC as the linker./ p-Phthalic acid. * BPDC: biphenyldicarboxylate as the linker. / Containing melamlne (MA)
and 2,5-thiophene dicarboxylic acid (TDA) as the ligand. ™ 2,5-Dihydroxybenzene-1,4-dicarboxylic acid (H4,DOBDC) as the linker. " HMT:
hexamethylenetetramine as the linker. ° Glutaraldehyde as the linker. # BDC and Trz (1,2,4—triazolate) as organic linkers.

illustrative example, a bimetallic 2D HTHATN-Ni-Pt-NS MOF  47.2 mmol g ' h™', significantly outperforming the mono-

(HTHATN: hexathiohexaazatrinaphthylene; NS: nanosheets)
was used as a hydrogen evolution co-catalyst and quencher of
the ruthenium(u) trisbipyridyl photosensitizer. Upon irradia-
tion with visible light (1 > 420 nm) using the ruthenium(u)
polypyridyl complex as a light harvesting photosensitizer and in
the presence of N,N-dimethylaniline as a sacrificial electron
donor, HTHATN-Ni-Pt-NS achieves a H, evolution rate of

13258 | J Mater. Chem. A, 2026, 14, 13238-13285

metallic counterpart and becoming among the most efficient
HER materials in photocatalysis. Pt>" ions create active metal
centers and optimize the AGy+ value of Ni** sites, facilitating
efficient proton reduction and H, desorption. The rt-conjugated
system of the MOF supports electron transfer, further
enhancing activity.*> Ni-MMOF-derived materials show excep-
tional photocatalytic efficiency for simultaneous overall H, and

This journal is © The Royal Society of Chemistry 2026
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(a) Proposed mechanism for the Eosin-Y photosensitized H, evolution promoted by MOF-derived bimetallic Fe—Ni—P; (b) H, production

rates of Fe,P (1), Fe;—Ni>—P (2), and NiyP (3) and their MOF precursors, (c) H, production rates of diverse MOF derived phosphides; (d) stability of
Fe;—Ni>,—P nanotubes in the Eosin-Y photosensitized H, evolution; (e) proposed mechanism for the O, evolution promoted by MOF derived Fe—
Ni—P using Ru(bpy)s>*-photosensitization; (f) O, production rates of Fe,P (1), Fe;—Ni,—P (2), and Ni,P (3) and their MOF precursors; (g) O»
production rates of diverse MOF derived phosphides; (h) stability of Fe;—Ni,—P nanotubes in the O, evolution rates using Ru(bpy)s>*-photo-

sensitization. Reproduced with permission from ref. 80, copyright 2020

O, production. As an example, Fe;-Ni,~P phosphide nanotubes
derived from Fe-Ni/MIL-88 by phosphatization with in situ
generated PH; exhibit a H, production rate of 5420 umol g~ *
h™' and an O, production rate of 900.3 pmol g~ * h™'. The
phosphatization process improves kinetics and enhances the
photocatalytic activity compared to monometallic Fe,P or Ni,P*°
(Fig. 13). In another instance, derived-FeNi MOFs illustrate
a degradation efficiency of 91% for rhodamine B (RhB) and 89%
for Congo red, which is superior compared to conventionally
prepared FeNi-MOFs. Based on DFT simulation, Ni and Fe form
clusters that are arranged in proximity to each other and,
through proper interaction, modulate the electronic and cata-
lytic features of MOFs. Fe/Ni sites decrease the strength of dye
molecule bonds and reinforce the degradation procedure;
meanwhile, carboxyl groups in bimetallic MOFs can establish
a hydrogen bond and stability.'*

The incorporation of other metal ions creates synergistic
effects, improving both performance and durability. Addition-
ally, the mixed valence states of nickel (Ni**/Ni**) contribute to
increased electron availability, further enhancing energy
storage capabilities. For battery applications, Ni-MMOFs
outperform Ni-MOFs due to the interaction of Ni possessing
strong Lewis acid character with anions and other metals. These
interactions enable effective electrolyte penetration and ion
migration, such as Li* ions, through the MOF porous structure.
The synergistic effects between Ni and other metals enhance the
conductivity, stability, and overall performance of battery
systems. Table 2 provides additional examples of Ni-MMOFs in

This journal is © The Royal Society of Chemistry 2026
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battery systems. For energy storage applications based on Ni-
MMOFs, Ni sites via a synergistic effect with adjacent metals
can generate more active sites by enhancing charge transport
and altering the structure to achieve better performance of
energy storage. Also, mixed valence Ni**" alongside other
metal ions can generate more electrons during storage appli-
cations and increase specific capacitance. Strong Lewis acid/
base interactions between Ni and anions, modulated with
other metals in Ni-MMOFs, can improve the performance of
battery applications via a synergistic effect due to the effective
penetration of the electrolyte and facile migration of ions
through the micropores, particularly Li*, which is highly rele-
vant in batteries. In total, the activity of Ni metal in MMOFs
illustrates as one of the most used metals in energy storage
systems, which show their significance toward this application.
Also, the synergistic effect between Co and Mn has attracted
considerable interest from researchers. Ni and its synergistic
effect with Co (Ni-CoMOFs) demonstrate higher performance
due to rich redox activity and an augmentation in the specific
capacitance. Also, Mn and its synergistic effect with Ni exhibit
great energy storage performance due to the multi-valent nature
of Mn. Besides batteries, Ni-MMOFs are also highly efficient
materials for storing electrical energy in supercapacitors due to
the high specific capacitance values that Ni-MMOFs can achieve
and their durability over extended charge-discharge cycles. The
combination of Ni with metals like Co and Mn enhances the
redox activity of the resulting MMOF, accelerating Faraday
redox reactions and providing additional active sites for
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electrolyte interaction. In this way, materials exhibiting pseudo-
capacitance that combine double-layer charge storage of
supercapacitors with reversible redox processes characteristic of
batteries can be obtained. Furthermore, Ni can lower the energy
barrier of gas formation and evolution, and it has more affinity
for * orbitals due to the large number of d orbital electrons
(d®), which is beneficial for reactions requiring CO, activation.
Furthermore, their synergistic effect with Fe can also enhance
the photocatalytic activity due to the increase in the number of
attainable active sites and the regulation of the d-band energy
center becoming closer to the Fermi level. However, as a general
effect, the presence of Fe lowers the affinity of the Ni for CO,
and increases the affinity of the Fe-Ni MMOF for H,O due to the
lower number of d orbital (d°) electrons. Also, similar to the Fe-
MMOF, the Ni-MMOF can be explored more in the future in
terms of application and modulation of the content of Ni in the
MMOF besides other metals to achieve their best performance.
However, electrocatalytic procedures are well defined in this
category, but their applications in photocatalytic, sensing, and
catalytic organic transformations warrant further investigation
in the future.

6. Cobalt-based MMOFs

Co-MMOFs and their relative derived materials are utilized in
various applications, including sensing, electrocatalysis, catal-
ysis, energy storage systems, and even photocatalysis.?**** The
incorporation of a second metal into the structure of cobalt-
based MOFs has been reported to enhance the performance
of Co-MMOFs compared to monometallic Co-based MOFs.
Enhanced efficiency can be attributed to the synergistic effect
between the multiple metals present in MOFs.>*

It has been demonstrated that the synthesis of bimetallic
MOFs with a uniform distribution of metal centers can be
achieved by placing two ions with similar radii in the MOF
structure. The Co** ion has a similar radius to that of the Zn**
ion, which allows for the uniform distribution of these two
metals. Consequently, Co** and Zn** can be distributed
uniformly within the bimetallic MOF system, thereby facili-
tating the synthesis of an appropriate CoZn-MMOF with
enhanced performance.”” For example, Jianbin Zheng and
colleagues synthesized a dopamine electrochemical sensor.
Dopamine is a neurotransmitter that plays a vital role in the
human body. It is widely distributed throughout the cardio-
vascular system, the central nervous system, the kidneys, and
the endocrine system. An elevated concentration of dopamine is
indicative of pathological disorders such as Parkinson's disease
and schizophrenia. For this reason, the quantification of this
substance in body fluids is of great significance. In the 2D Co/
Zn-TCPP material (TCPP: tetrakis(4-carboxyphenyl)porphyrin),
the doping of cobalt and zinc metal ions is beneficial for elec-
tron exchange and transfer with dopamine. Consequently, the
cooperative effect of Zn>" and Co®" active centers enhances the
electrocatalytic activity of this MOF, thereby facilitating an
excellent sensing capability for dopamine detection with
a detection limit of 1.67 nM for a signal-to-noise ratio of 3 and
the response being linear with the dopamine concentration in
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the range from 5 nM to 177.8 pM.**® Besides parent Co-MMOFs,
Co-MMOF-derived materials are widely employed in electro-
chemical sensing, the removal of organic pollutants, medicine,
and other areas. The transformation of the Co-MMOF can be
accomplished by calcination under an inert atmosphere. The
calcination of Co-MMOFs at low temperatures to carbonize the
organic ligand results in the production of metal hybrids in the
form of homobimetallic hollow nanocages (C-CoM-HNC; C:
carbonization at 350 °C for 2 h; HNC: hollow nanocages). This
procedure allows for the controlled alteration of the structure of
Co-MMOF precursors, while simultaneously facilitating the
formation of synergistic active sites with cobalt alloys, thereby
enhancing the catalytic activity and subsequently improving the
performance of the derived material. These materials are
utilized in fields such as catalysis and electrocatalysis, including
electrochemical sensing and pollutant removal. For instance,
Yuming Huang et al. calcined a CoCu-MOF and employed this
material as a multifunctional nanoenzyme for the degradation
of organic pollutants, including RhB, and for a bioassay tar-
geting acetylcholinesterase (AChE). Copper-doped C-CoCu-
HNC nanostructures demonstrate enhanced performance with
respect to other monometallic C-Co-HNCs as perox-
ymonosulfate (PMS) and oxidase activators. The incorporation
of copper into the structure of this MOF results in a higher
density of surface oxygen vacancies during the conversion of
CoCu-MOF to C-CoCu-HNC, thereby enhancing its catalytic
activity. The enhanced catalytic activity of C-CoCu-HNC is re-
flected in the production of higher quantities of SO,"~ through
the effective activation of PMS, thereby accelerating the
decomposition of RhB dye. Moreover, this enhanced catalytic
activity enables C-CoCu-HNC to exhibit potent sensitivity for
the detection of AChE activity, with a detection limit of 0.1 mU
L~'. AChE is a primary cholinesterase in the body, and its
activity is associated with neurodegenerative disorders such as
Alzheimer's disease. Therefore, measuring its activity in real
body fluids is important from an analytical standpoint. The C-
CoCu-HNC, produced with its oxidation activity, may be
considered a sensitive bioassay for screening AChE activity.
After configuration optimization, the O, chemically binds with
one of the terminal oxygens connecting to the surface of C0;0,.
But in terms of CuCo,0,, both oxygen atoms connect to the Co
and Cu on the surface. This tighter connection can enhance
electron transport from the Co and Cu to the antibonding w*
orbital of O,, lower the strength of the O-O bond in O, and lead
to superior adsorption and electron-donating capability toward
PMS.>*® In another instance, the bimetallic Co-Pr-BDC MOF
exhibits performance in bio-sensing applications via response
to altering creatinine concentrations, resulting in a detection
limit of 0.12 mM. The synergistic effect between Co and Pr
(praseodymium), which incorporates lanthanides such as Pr
into the structure, can enable f-f transitions, boost the
absorption in the visible spectrum, and with the possibility of
forming hydrogen bonds, may account for the better perfor-
mance of the bimetallic MOF.>*

Also, Co-MMOFs are some of the most commonly used
materials in electrocatalysis. In bimetallic Co/M MOFs, the
presence of an additional metal can facilitate charge transfer,

This journal is © The Royal Society of Chemistry 2026
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Table 3 Summary of reported applications of Co-MMOFs or their derived materials with their efficiency”

Co-MMOF Other metals Applications Efficiency Ref.

0X-C0304-Ru Ru Electrocatalyst/water splitting C.d: OER and HER: 100 240
Cell voltage: 500/0.v: OER: 286 and HER:
49/T.f: OER: 51.2 and HER: 63.3/C.v: 1.71

Co-V-FeNiLDHs Ni/Fe/V Electrocatalyst/water splitting C.d: OER: 50 and HER: 10 241
Cell voltage: 10/0.v: OER: 244 and HER:
180/T.f: OER: 58 and HER: 121.5/C.v: 1.62

Ni/Co-DH Ni Electrocatalyst/OER C.d: 10/0.v: 229/T.f: 86.6 257

NiCo(OH),@Co-MOF’ Ni Electrocatalyst/OER C.d: 10/0.v: 210/T.f: 43 258

CoY-MOF/NF* Y Electrocatalyst/OER C.d: 10/0.v: 100/T.f: 68 61

Cof/Fe (1:1)-MOF? Fe Electrocatalyst/OER C.d: 500/0.v: 490/T.f: 42 259

Co-MOF/Fe,° Fe Electrocatalyst/OER C.d: 10/0.v: 260/T.f: 46.8 260

Coy.¢Feg.4-S-MOF Fe Electrocatalyst/OER C.d: 10/0.v: 260/T.f: 56 236

CoFe(dobpdc)-IT1 Fe Electrocatalyst/OER C.d: 300/0.v: 240/T.f: 35.1 242

Coy.sFeq ,-MOF Fe Electrocatalyst/OER C.d: 10/0.v: 237/T.f: 36.3 261

C0y.9Cey 1-BTC Ce Electrocatalyst/OER C.d: 10/0.v: 308/T.f: 107 262

Co45Ni;-MOF-3,5-H,pdc Ni Electrocatalyst/OER C.d: 10/0.v: 384/T.f: 59 263

A, sB-CoNi MOFs® Ni Electrocatalyst/OER C.d: 10/0.v: 300/T.f: 45.27 264

WCOoFe, 3-CNF Fe/W Electrocatalyst/OER C.d: 100/0.v: 258/T.f: 44.8 246

G-FeNi-Co-ZIF-L Fe/Ni Electrocatalyst/OER C.d: 10/O.v: 248/T.f: 49.5 265

NF/Co30,4/CoFe,0, Fe Electrocatalyst/OER C.d: 10/0.v: 215/T.f: 90 245

Co-CIF:FeNiMo Fe/Ni/Mo Electrocatalyst/OER C.d: 100/0.v: 238/T.f: 34 266

MoCoFe@NC Fe/Mo Electrocatalyst/OER C.d: 10/0.v: 285/T.f: 72 267

FeCog ¢Niy 4—~CAT Fe/Ni Electrocatalyst/OER C.d: 10/0O.v: 277/T.f: 44.7 229

Fe-Ni-CoOOH-TPA Fe/Ni Electrocatalyst/OER C.d: 10/0.v: 236/T.f: 39 244

Co, 36F€0.1oNig 45-btca Fe/Ni Electrocatalyst/OER C.d: 10/0.v: 292/T.f: 72.6 268

CoNiFe-ZIF-MFs Fe/Ni Electrocatalyst/OER C.d: 10/0.v: 273/T.f: 87 269

CuCoNi-OH Ni/Cu Electrocatalyst/OER C.d: 10/0.v: 290/T.f: 57.8 270

CoNiMn-MOF” Ni/Mn Electrocatalyst/OER C.d: 20/0.v: 220/T.f: 66 271

Ir@Co-BPDC Ir Electrocatalyst/HER C.d: 100/0.v: 57/T.f: 33.39 272

CoNi-MOF" Ni Battery/ARZBs C.d: 20/capacity: 344/cycle: 1500 64

TTFTB-MnCo-MOF Mn Battery/NMC 62 C.d: 100/capacity: 154.9/cycle: 200 73

Co-Mn-0/C-0.2 Mn Battery/LIBs C.d: 1000/capacity: 1088.5/cycle: 600 273

ZNC ZIF-67 Ni/Zn Supercapacitor S.p: 247/C.d: 0.1 (5000 cycle)/E.d: 27.94/ 231
P.d: 1300/retention: 99%

Cu,CoSnS, Cu/Sn Supercapacitor S.p: 393.5/C.d: 0.7 (8000 cycle)/retention: 274
88.5%

Ni-Zn-Co-5-0.25” Ni/Zn Supercapacitor S.p: 1930.9/C.d: 1.0 (10 000 cycle)/E.d: 275
32.8/P.d: 864.8/retention: 92.2%

7Zng 55Niy 75Co-LDH-BA™ Ni/Zn Supercapacitor S.p: 275/C.d: 1.0 (10 000 cycle)/E.d: 51.8/ 248
P.d: 789/retention: 94.6%

ZnCo,Ni-LDH Ni/Zn Supercapacitor S.p: 348.2/C.d: 1.0 (10 000 cycle)/E.d: 276
54.4/P.d: 4439/retention: 86%

NiCoMn-S? Ni/Mn Supercapacitor S.p: 2098.2/C.d: 1.0 (6000 cycle)/E.d: 50/ 249
P.d: 850/retention: 73.6%

Cu(NiCo),S4/Ni;Sy Ni/Cu Supercapacitor S.p: 1320/C.d: 1.0 (5000 cycle)/E.d: 40.8/ 277
P.d: 7859.2/retention: 85%

NiCoC/O-NiCoAl LDH Ni/Al Supercapacitor S.p: 2400/C.d: 1.0 (5000 cycle)/E.d: 80/P.d: 278
750/retention: 82.3%

CoNiSe,/FeNiCoSe, YSBs” Ni/Fe Supercapacitor S.p: 1091.2/C.d: 1.0 (5000 cycle)/E.d: 76.5/ 279
P.d: 2378.7/retention: 85%

NiCo-MOF-31 Ni Supercapacitor S.p: 1697.2/C.d: 1.0 (5000 cycle)/E.d: 280
26.56/P.d: 750/retention: 85%

NiCo-BDC@MIM Ni Supercapacitor S.p: 2252/C.d: 1.0 (2000 cycle)/E.d: 40.2/ 281
P.d: 972/retention: 73.2%

Zn,.1Co-MOF-D2-24 Zn Catalyst/epoxidation of cycloalkenes 95.5%/90 °C/air/5 h/selectivity: 96.7%/ 282
reuse: 10 cycles

Co,Cu;-MOF/PSM Cu Catalyst/degrades tetracycline in 98.17%/30 min/reuse: 4 cycles 283

water
CuCo@C Cu Catalyst/hydrogenation of levulinic 100%/220 °C/4 h/reuse: 5 cycles 284
acid
La,Cog-MOF-BTC-H La Catalyst/epoxidation of cycloalkenes 96.2%/airflow/80 °C/5 h/selectivity: 285

This journal is © The Royal Society of Chemistry 2026
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Table 3 (Contd.)

Co-MMOF Other metals Applications Efficiency Ref.

Pd,Cog-ZIF Pd Catalyst/cycloaddition reaction of E,: 98.7/97.3%/12 h/TON: 5754/TOF: 479/ 286
CO, reuse: 3 cycles

Pdy 3C0g 5(bim), Pd Catalyst/cycloaddition reaction of 94.3%/80 °C/6 h/TOF: 2501/reuse: 3 255
CO, cycles

NUC-31 Tb Catalyst/cycloaddition reaction of 98.7%/n-Bu4NBr/75 °C/12 h/selectivity: 230
CO, 99%/TOF: 8.23/reuse: 5 cycles

CugFe, 3Co3 ,@MIL-101 Fe/Cu Catalyst/ammonia borane hydrolysis E,: 37.2/298 k/TOF: 23.2/reuse: 7 cycles 287

CoNi-MOF’ Ni Sensing/deoxynivalenol (DON) and Detection limits: 0.05 and 0.30 pg mL™* 288
salbutamol (SAL) toward DON and SAL

Cu-Co-ZIF Cu Sensing/glucose High sensitivity: 18.68 mA mM ' cm ™2/ 289

response time: 1.5 s/detection limit: 2 uM
CoZn-MOF Zn Sensing/dopamine Detection limit: 0.67 uM 290
MnCo-MOF-74 Mn Sensing/glucose Sensitivity: 233.8 pA mM ' ecm ™%/ 291

detection limit: (S/N: 3): 1.31 uM

“ C.d: current density based on A g~!, mA g~' or mA cm™? for energy applications/O.v: overpotential based on mV/T.f: Tafel slope based on mV
dec '/C.v: cell voltage based on V/O.p: onset potential based on V and S.p (specific capacitance) is based on F g ', C g~ !, and mAh g '/E.d:
energy density based on Wh kg '/P.d: power density based on W kg '/all percentages in the photocatalyst or catalyst represent the yield,
conversion or any efficiency of MMOFs; for further details, see the references/bandgap based on eV/apparent quantum efficiency (AQE)/
photocurrent density (pd) based on pA em™*/RT: room temperature/TOF: turnover frequency/TON: turnover number/E,: energy activation based
on kJ mol*/for further details, see the references. LDH: layered double hydroxide; NC: N-doped carbon; dobpdec: 4,4'-dihydroxybiphenyl-3,3'-
dicarboxylate; H,pdc: pyridine-2,4-dicarboxylic acid; CNF: carbon nanoflakes; TPA: terephthalic acid; btca: benzotriazole-5-carboxylate; BPDC:
biphenyldicarboxylate; YSBs: yolk-shell nano boxes; TTFTB: tetrabenzoate TTF (tetrathiafulvalene). * MIM: 2-methylimidazole as the organic
ligand. © Mixed ligands of triethylenediamine (TED) and 1,4-benzenedicarboxylic acid (BDC). ¢ 4,40-Oxydibenzoic acid as the linker. ° BDC as
the organic ligand. / dobpdc as the linker. £ Terephthalic acid (A) and 2,5-dihydroxyterephthalic acid (B). ” BTC as the linker.  Mixed organic
ligands of 4-(1H-tetrazol-5-yl)benzoic acid (H,TZB) and 2,4,6-tri(4-pyridyl)-1,3,5-triazine (TPT).

augment interaction between the MOF and electrolyte, tune the
redox properties of the active sites, regulate the amorphous and
crystalline MOF structure, optimize the electronic structure,
and increase the intrinsic activity of Co MOFs as electro-
catalysts. In one example, a bimetallic Ru-doped Co-oxalate
MOF was transformed at 300 °C for 2 h in a muffle to achieve
0X-Co3;04-Ru that exhibits excellent electrocatalytic activity for
the HER and OER due to the increase in oxygen vacancies and
higher surface hydrophobicity.**® The performance of OX-
Co30,-Ru is summarized in Table 3. In another example, multi-
metallic Co-based MOF-derived material used in electro-
chemical water splitting is tetra-metallic Co-V-FeNi LDHs ob-
tained by using ZIF-67 as a source of Co that, in combination
with vanadyl acetylacetonate and Ni and Fe salts, form a FeNi-
LDH doped with Co and V. The role of ZIF-67 is key to
controlling the three-dimensional morphology of the resulting
LDH. This tetrametallic Co-V-FeNi LDHs operate at a cell
voltage of 1.62 V at a current density of 10 mA cm ™2, which is
a lower voltage than those of other counterparts. This enhanced
performance has been attributed to the morphology inherited
from ZIF-67 with accessible sites, the presence of Co, which is
a more active site, the electronic interaction between V and Co,
and synergistic effects with the other metal ions, all contrib-
uting to the augmentation of intrinsic electrocatalytic activity
and a larger surface area.>®' In one of the examples, the OER
activity was reported using bimetallic Co-based MOFs, CoFe(-
dobpdc) (dobpdc: 4,4’-dihydroxybiphenyl-3,3’-dicarboxylate)
nanorods grown on NF. As commented earlier, electrocatalysts
grown on NF generally result in better electrocatalytic perfor-
mance due to the lower internal electrical resistance between

13262 | J Mater. Chem. A, 2026, 14, 13238-13285

the electrocatalyst and the NF because of the better interfacial
contact between them. Thus, the optimal CoFe(dobpdc) shows
better electrocatalytic activity compared to another type of
synthesized nanorods in both 0.1 M and 1.0 M KOH electrolyte
due to (i) the appropriate morphology and long aspect ratio
improves positively the electrocatalytic activity, Co contributing
to the MOF thickening, therefore, adjusting growth and orien-
tation, (ii) the solvent used in the MOF synthesis also influences
OER activity that requires high wettability of the porous mate-
rials to augment affinity of MOF for NF and optimize nanorod
growth, and (iii) analogously to other electrocatalytic processes,
also in OER exposure of a high density of active sites and
synergistic effect between metal ions improves the electro-
catalytic response.*** In another example, a 2D Co-based MOF
formed from ultrathin nanosheets was prepared and submitted
to post-synthetic Fe doping to obtain mixed valent (Fe(u),-
Fe(ir)1)o.«/NMOF-Co (NMOF: MOF nanosheets). This (Fe(u);-
Fe(im);)o./NMOF-Co was found to exhibit superior OER activity
compared to its bulk counterparts and commercial RuO,, with
a lower Tafel slope of 50 mV dec ' in alkaline media. The
excellent performance of this MOF was found to derive from the
fast charge transport, higher density of exposed active sites, and
synergistic effect between mixed valence Fe and Co-based
ultrathin nanosheet MOFs.>*® In another case of CoFe
MMOFs, a 2D Co/Fe MOF containing tetrapyridyl linkers coor-
dinated in equatorial positions around the metal ions to form
the structure and two sulfocyanide groups coordinated in apical
positions with the optimal Co/Fe ratio of Cog¢Feg-MOF
exhibited superior activity compared to its Co-MOF, Fe-MOF,
Co/Ce-MOF, Co/Mn-MOF, and Co/Ni-MOF counterparts, thus

This journal is © The Royal Society of Chemistry 2026
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illustrating the potential of MMOFs to tune the electrocatalytic
activity. However, the Cy, of Co/Fe-MOF is lower than that of Co/
Ce-MOF. Based on XPS data, the larger Cyq; of Co/Ce-MOF was
attributed to the weak coordination of Ce ions, which causes
more structural defects and, therefore, a larger ECSA. However,
despite the larger Cq4;, Co/Ce-MOF has a small number of active
sites, which is detrimental to the OER activity. The higher Fe/
Co-MOF activity is due to the influence of doping Fe on the
redox properties of Co-S-Co that makes it easier to reach the
Co*" valence state and increases the density of active sites. Also,
sulfur in this structure plays a positive role in enhancing OER
activity.®® In one case of trimetallic Co MMOFs, 2D Fe-Ni-
CoOOH-TPA (TPA denoted as terephthalic acid) with ligand
defects exhibited lower R, and higher Cq4, for OER activity. The
material consisted of a heterojunction of polycrystalline metal
(oxy)hydroxide (MOOH) and amorphous metal oxides/
hydroxides coordinated with TPA. It was prepared using ZIF-
67 as a source of Co>" ions that were etched with TPA to form
a novel Fe-Ni-CoOOH-TPA composite. In this heterojunction,
the valence band potential of Fe-Ni-CoOOH-TPA is 0.2 €V,
which is lower than that of other counterparts, indicating that
the installation of functional 1,4-BDC shifts the valence band of
Fe-Ni-CoOOH-TPA closer to the Fermi level (Eg). As the band
gap decreases, the conductivity increases by reducing the elec-
tron transition barrier from the valence to the conduction band.
Also, the hydrophilicity of Fe-Ni-CoOOH-TPA can enhance
electrolyte penetration into the electrocatalyst micropores,
resulting in an increased active surface area and accelerated
reaction kinetics, besides the positive impact of structural
defects in increasing the density of undercoordinated metal
positions.*** Co MMOFs have also been used to obtain derived
materials to be used as OER electrocatalysts. In one of the
examples, bimetallic Co;0,/CoFe,O, decorated on NF was
derived from a mixed metal Co/Fe MOF using nicotinic acid as
a linker grown on NF, followed by calcination at 500 °C. The
resulting material exhibits an overpotential of 215 mV, and this
good performance was attributed to: (i) the presence of Fe*" in
octahedral sites of CoFe,0, acting as active sites and decreasing
overpotential of the bimetallic derived MOF, (ii) the presence of
octahedrally coordinated Co®" sites in Co;0, that boost
conductivity and adsorption-desorption of oxygen intermedi-
ates, and (iii) integration and synergistic effect between Co30,
and CoFe,0, to boost OER.** Another example of multi-
metallic derived Co-based MOFs as electrocatalysts for the
OER is trimetallic WCoFe, ;-CNF (CNF: carbon nanoflakes)
derived from a multimetallic hybrid zeolitic imidazolate
framework using Co®", Fe**, and WO,>~ ions as metal salts.
When the feed Fe/Co ratio is 0.3, the molar ratio of Co*"/Co*"
reaches 1.38, which is the highest molar ratio among the
samples in the series, resulting in the best OER activity as
shown in Table 3. It has been proposed that each metal has
a specific prevalent role, with Co playing the role of the active
site, Fe improving conductivity, and W acting as an electron
density donor to optimize the electronic structure of Fe and
Co.>*® CoY-MOF grown on NF has been reported to be an
electrocatalyst for HER-GOR, which exhibits major electro-
catalytic activity with a low cell voltage of 1.36 V. Co acts as the

This journal is © The Royal Society of Chemistry 2026
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active center and Y regulates its electronic structure with
a synergic effect between them, with the high surface area of the
MOF leading to improved HER and GOR activity by exposure of
a large density of active sites. A low overpotential of 100 mV at
a current density of 10 mA cm™ > with a Tafel slope of 68 mV
dec™" was reported for the HER. Also, the Tafel slope for the
GOR was only 98 mV dec ™', indicating faster kinetics than the
OER, for which the Tafel slope on the CoY-MOF/NF electrode
was 123 mV dec .®* Regarding the ORR and zinc-air batteries,
trimetallic MOF-derived MnCoNi-C-D exhibits a half-wave
potential of 0.82 V for the ORR. Moreover, zinc-air batteries
reached good power density, specific capacity, and higher open-
circuit potential (OCV) in 1.46 V, which indicates better
electrochemical performance for this MOF-derived material due
to the generation of MnCo,0, and NiO, while the hollow
structure facilitates electron transfer and provides a large
density of accessible active centers for ORR/OER catalysis.**’
Furthermore, the presence of an additional metal can also
increase the yield and faradaic efficiency of Co in the NRR,
providing sites for the adsorption and dissociation of N,
molecules. In the case of the NRR, the bimetallic MOF-derived
Co-based material Zn—-Co;0, exhibits an ammonia yield of
22.71 pg h™' mg., . The high electrochemical activity is ach-
ieved through a combination of oxygen vacancies, which act as
Lewis acid centers, cobalt, which acts as an electron-rich center
to enhance the adsorption and dissociation of nitrogen mole-
cules, and zinc dopant sites, which facilitate electron transport.
Based on XPS analysis, electron transfer from zinc to cobalt was
observed, thus increasing the electron density of Co®*. Hence,
for an adequate charge balance in the mixed oxide, some oxygen
atoms should exit from the structure and produce oxygen
vacancies. Optimization of these parameters leads to the high-
est NRR activity.®® For more details on Co-MMOFs, see Table 3.

Co-MMOFs are some of the most widely used materials for
energy storage. The synergistic effect between Co and other
metals can result in higher activity and stability of the material
as an electrocatalyst in reactions and as a supercapacitor active
material, which indicates the positive impact of using mixed
valence Co>"?*. Also, materials derived from Co-MMOFs are
among the materials with the highest energy storage perfor-
mance. For instance, Zn,sNij;sCo-LDH-BA"/AA™ (BA™ =
benzoate anion and AA™ = acetate anion) shows a specific
capacity of 275 mAh g~ at a current density of 1 A g~ ', making
the resulting assembled supercapacitor device of this MOF-
derived material interesting for energy storage applications.
The high specific charge storage performance of this MOF-
derived material is the result of (i) the unique LDH
morphology, which facilitates penetration of electrolyte into the
material and a large specific surface area that leads to premier
electrochemical proficiency and (ii) the synergistic effect
between the three metal ions and the optimization of the Zn/Ni
ratio since Co and Ni ions accelerate redox reactions and lead to
the regulation of specific capacity, while the Zn ions enhance
the electrical conductivity.>*® In another example of a Co MMOF-
derived material employed as an active component in super-
capacitors, NiCoMn-S was found to have superior storage effi-
ciency compared to NiCoMn-OH, Co-S, NiCo-S, CoMn-S,
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(a) Illustration of the assembled NiCoMn-S//AC device; (b) CV curves of NiCoMn-S and AC at 10 mV s™%; (c) CV curves at a scan rate of

30 mV st in different potential windows for the assembled device; (d) GCD curves at a current density of 1 A g~* in different potential windows
for the assembled device; (e) CV curves at different scan rates; (f) GCD curves at different current densities for the assembled device; (g) specific
capacitance at different current densities for the assembled device; (h) Ragone plots (energy density vs. power density) of NiCoMn-S//AC and

other assembled devices; (i) cycling stability of the assembled device at
Elsevier.

Ni; CoMn;-S, and Ni;CoMn;-S, thereby showing that optimized
trimetallic derived NiCoMn-S has better performance
compared to its mono-metallic, bi-metallic, and trimetallic
analogues with other ratios of the three metals. Thus, optimized
trimetallic MMOF-derived NiCoMn-S exhibits a specific capac-
itance of 2098.2 F g ' at a current density of 1 A g ', an energy
density of 50 Wh kg™, and a power density of 850 W kg™ ', and
maintains 73.6% for 6000 cycles, exhibiting notable capacitance
retention. As shown in Fig. 14, the potential window of the
assembled device made of NiCoMn-S//AC is 0-1.7 V. This high
activity was attributed to (i) the appropriate electronegativity of
sulfur being lower than that of oxygen implying that sulfide
structures are more porous and flexible than their oxide coun-
terparts, facilitating electron transport, (ii) the smaller band gap
of sulfides than that of oxides which increases charge storage
efficiency and is responsible for more efficient promotion of
redox reactions, (iii) the larger BET area and higher porosity that
lead to more exposed electroactive sites and facilitate electron
or ion transport, emphasizing the importance of NiCoMn-S
having a higher surface area than CoS, a-NiS, CoS,, NiMn
sulfide, NiCo,S,;, NiC0,S,~C0¢Sg, Ni,Co3 ,S;, Cu(NiC0),S,-
Ni;S, counterparts, and (iv) the existence of mixed-valence Ni**/
Ni**, Co**/Co®" in the material as revealed by XPS, which with
their synergistic effect with Mn>" provide a higher density of
electro-active sites for redox reactions and boost energy storage

13264 | J. Mater. Chem. A, 2026, 14, 13238-13285
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applications.**® Furthermore, incorporation of Co into Mn-MOF
also affords new energy storage devices.”” However, based on
the properties with a wide range of possible electronic config-
urations for Mn, it appears reasonable that MMOFs that contain
Mn should also have considerable potential in those fields.” In
one example of Mn-MMOFs, TTFTB-MnCo-MOF (TTFTB =
tetrabenzoate  tetrathiafulvalene), galvanostatic charge-
discharge (GCD) performed in the range from 0.1 V to 3.0 V
versus Li'/Li exhibits an initial Coulombic efficiency of up to
57.1%. The full lithium-ion battery cell with a configuration of
TTFTB-MnCo-MOF||NMC 622 (NMC 622 corresponds to lithium
nickel manganese cobalt oxide, with the numbers indicating
the percentages of Ni, Mn and Co in LiNigMn,Co,0, used as the
cathode material) reaches a capacity of 154.9 mAh g ' at
100 mA g~ in the 200th cycle. Also, the TTFTB-MnCo-MOF||AC
(AC: active carbon) hybrid lithium-ion capacitor can achieve
a specific energy of 141.4 Wh kg™ at a specific power of 0.25 kW
kg '. The high energy storage efficiency of this battery-super-
capacitor hybrid device containing the TFF moiety in the MOF
structure was attributed to several synergistic factors including
the high porosity of the MOF, the presence of the sulfur-rich
TTF ligand, and the bimetallic Mn** and Co®" metal nature of
the site. XPS analysis provides evidence that the S atoms of the
TTF group are the sites associated with Li" storage. Besides the
Srich TTF ligand, Mn>" is responsible for good cycling

This journal is © The Royal Society of Chemistry 2026
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performance and Co*' increases the specific capacity.”
Furthermore, incorporation of Cu into MOFs as one of the most
widely employed elements in MMOFs illustrates their capability
in medicine and energy storage as well as their use as a corro-
sion inhibitor and photocatalyst in their mixed-metal
forms.”**?** In the case of energy storage, a trimetallic
NiCoCu-TPA MOF showed a specific capacity of 417C g™ ' at
0.5 A g '. Also, NiCoCu-TPA//AC attains an energy density of
49.05 Wh kg " at 0.5 A g~ " and a power density of 6400 W kg *
at 8 A g, and exhibits cycling stability. This performance can
be attributed to the incorporation and synergistic effects among
Ni, Co, and Cu, where Ni induces redox activity, while Co can
not only induce redox activity but also improve structural
stability, and eventually Cu incorporation can provide more
faradaic redox sites and enhance the conductivity within the
architecture.>**

Co-MMOFs exhibit a wide range of catalyst applications, due
to the synergistic effect frequently found for Co combined with
other metal ions. Co can easily activate O, molecules and
promote catalytic aerobic oxidation reactions and this catalytic
activity can be enhanced by combination with other metals.
Particularly, Co alongside heavy metals forms MOF structures

a) |
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with a larger density of unsaturated coordination positions that
can activate substrates and exhibit high TOF values, indicating
better catalytic activity. One of the recent studies investigated
the catalytic activity of bimetallic Pd, ;Co, ,(bim), (PdCo-ZIF)
with a range of Pd/Co ratios toward CO, cycloaddition. It was
found that the presence of Pd generates defects at the Co sites in
the structure, reaching a TOF of 2501 h™" which is superior to
those of its monometallic counterparts (Co-ZIF and Pd-ZIF). It
was found that Pd-ZIF has no activity for this reaction, implying
that undercoordinated cobalt ions at defects are the active
centers in the material. The role of Pd was proposed to be the
generation of a porous material with a high concentration of
defective Co distorted sites acting as Lewis acids.**® Regarding Ir
incorporation with Co, such materials have attracted interest in
photocatalyst applications, due to the use of Ir polypyridyl
complexes in photo/electroluminescent devices and in photo-
redox synthesis.”*® One of the examples is based on UiO-67,
containing some 2,2'-bipyridyl-4,4’-dicarboxylic acid ligands
able to complex Ir at framework satellite positions. Besides the
linker, other coordination positions around Ir were completed
by either 2-phenylpyridine (ppy) or coumarin 6 (Cou6), of which
the Ir complex with the UiO-67 framework and two Cou6
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Fig. 15

(a) Diagram of the various energy levels available for Ir UiO-67 depending on the coordination environment around Ir ions; (b) illustration

of the structure and post-synthetic modification of UiO67-Ir to form UiO-67-Ir-ppy or UiO67-Ir-Coub and the subsequent incorporation of
Cof(i) and Cu() ions. Reproduced with permission from ref. 256, copyright 2022 Wiley.
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molecules was the best performing.*** Subsequent incorpora-
tion of either Co or Cu in the series of UiO67-Ir (ppy or Cou6) is
illustrated in Fig. 15. Ir complexes attached to the MMOF lattice
act as strong visible-light-absorbing chromophores, particularly
when containing Cou 6 as a ligand. The presence of Coué alters
the lowest unoccupied excited state of the system from the
*MLCT to the ’IL state (IL meaning internal ligand), which is
much longer lived and more suited for photocatalytic reactions.
In this way, when Co is also attached to free 2,2'-bipyriduyl
units, the UiO67-Ir-Cou6/Co system reaches an H, production
yield of 2440.4 pmol g h™", over 100-fold higher than that of
UiO67-Ir-ppy/Co (22.3 pmol g~ h™') with a 3MLCT excited
state. Co-incorporation of Cu centers, rather than Co, is very
appropriate for photocatalytic CO, reduction, forming HCOOH
in a remarkable yield of 480.7 umol g * h™". Therefore, it was
concluded that the elaborated UiO67-Ir-Cou6/M, containing Zr,
Ir, and either Co or Cu, has remarkable photocatalytic efficiency
due to the properties of the *IL-type excited state of long lifetime
as well as a strong visible light harvesting ability, thus favoring
photoreduction.>*®

In the OER, the use of an additional metal adjacent to Co can
produce coordinatively unsaturated sites to facilitate nucleo-
philic attack of OH~, making more feasible the formation of
reaction intermediates, such as Co(OH), and CoOOH, which
result in an enhancement of Cg; and the reaction kinetics. Also,
the presence of an additional metal can favor the mixed valence
of Co**/Co®" with the formation of Co®", which has a higher
oxidation potential than Co**, facilitating better OER perfor-
mance. In summary, Co, compared to other transition metals, is
one of the most commonly used metals in reports dealing with
MMOFs in catalytic applications. In one of the most studied
combinations, Co and Zn in MMOFs and derived materials
exhibit a synergistic effect and complementary activity, with Co
activating O, and Zn being particularly efficient for H, activa-
tion. This complementarity, together with the tuning of the
electron density due to the differences in electronegativity, can
be very beneficial for aerobic oxidation. Besides Zn, the
combination of Co and heavy metals is beneficial for catalytic
activity due to the generation of unsaturated coordination Co
ions. Furthermore, the simultaneous incorporation of heavy
metals and Zn results in stable, highly porous MMOFs. It seems
that Zn induces porosity, while heavy metals increase structural
stability. Also, their different affinity compared to Co and Zn is
a powerful tool for further tuning of the electronic density of the
active sites. In comparison to other applications, Co-MMOFs
have been less studied as photocatalysts. However, it can be
implied that crystal engineering regulating Co-MMOF struc-
tures should also be beneficial for their photocatalytic activity,
as reported also in other sections. Although Fe and Ni-MMOFs
are suggested to be focused more in the future, but synergistic
effect between Co and Zn can be focused more on diverse
applications such as energy storage. However, synergistic
impact between Fe, Ni, and Co are growing trend in electro-
catalysis with engineering in the content of mentioned metals
and altering the linker of MOFs to see what kind of enhancing
can occur in their performance compared to the bimetallic and
monometallic counterparts, but in some experimental cases
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this idea might not be properly work due to the structural issues
or change in their performance with outstanding results.

7. Zirconium-based MMOFs

Zr-MMOFs have been less investigated for energy storage and
conversion systems due to their lower conductivity or when
doping with other Zr MOFs. However, Zr-MMOFs have unique
structures and considerable stability, which can be beneficial
for some energy applications. Thus, the addition of electroactive
metals to Zr-MOFs can mitigate this low electrical conductivity,
reaching a good stability/conductivity balance that makes Zr-
MMOFs worth exploring in diverse energy applications. In one
example, a multi-metallic Zr-based MOF 10Fe:90Ni@Zr-BTB
(BTB: 1,3,5-tris(4-carboxyphenyl)benzene) was studied as an
OER electrocatalyst exhibiting a high efficiency as indicated in
Table 4. Initially, a Zr-based MOF was chosen for this applica-
tion due to its unique morphology, but large concentrations of
Ni and Fe are required to promote OER activity. Also, Ni@Zr-
BTB exhibits a high overpotential of 647 mV, showing that the
introduction of Fe into the MOF structure is necessary to
regulate the activity of Ni oxyhydroxide and enhance OER
catalytic activity.>* Also in terms of medicine, these types of
materials are less explored. In this case, there are examples of
using Zr-MMOFs in medicine, such as Zr-Cu MOF@ES@aH,
which illustrates efficiency toward human epidermal growth
factor receptor 2-positive (HER>") breast cancer.?*® The role of
Cu can be attributed to the conversion of Cu®" to Cu®, which
produces ‘OH to hamper redox homeostasis and Cu" binding to
lipoylated tricarboxylic acid (TCA) cycle proteins, destabilizing
iron-sulfur clusters that lead to mitochondrial proteotoxicity.>*°

Due to the high valence of Zr*, this element can introduce
ultra-high structural stability, while modifying the acidity of
Lewis centers, resulting in high catalytic activity of other metal
ions present in the composition of the MOF.***>% Also, in the
case of high entropy MOFs, they can reduce the energy barrier
and help the hydrogenation process.”*® Thus, a bimetallic Zr-
based MOF was prepared starting from Zrg(3-O)4(p3-OH),
(MOF-808, BTC as ligand) with ZnEt, to form MOF-808-Zn. This
bimetallic ZrZn-MOF was used as a catalyst for selective CO,
hydrogenation to methanol. The MOF catalyst was stable for at
least 100 h at 250 °C. This stability is remarkable considering
the relatively high temperature and H,O is also formed as
reaction products.”” It was found that the notable catalytic
activity of the bimetallic MOF was due to the formation of Zn**-
O-Zr*" centers in the post-treatment of MOF-808, as confirmed
by XAS analyses. H, activated by Zn** centers and open Zn**-O-
Zr*" sites result in CO, adsorption, activation, and conversion to
methanol. The mechanism was addressed by DFT calculations
that indicate that H, should be able to easily produce Zn*~-H"~
and Zr*'-O-H" through heterolytic H-H splitting at the Zr*"-O-
Zn*" center with a low energy barrier of 17.1 keal mol . Then,
in the second step, H, can also be dissociated by the zinc(u) ion
site and another Zr**~OH group, triggering the production of
the HCOO* intermediate with an activation energy of 11.2 kcal
mol ', even lower than the first step.>®® In another instance,
a bimetallic Ce Zr-MMOF with a UiO-66 structure and

This journal is © The Royal Society of Chemistry 2026
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Table 4 Represent reported Zr-MMOFs or derived materials in diverse applications, with their efficiency in specific applications®

Other
Zr-MMOF metals Applications Efficiency Ref.
10Fe:90Ni@Zr- Ni/Fe Electrocatalyst/OER C.d: 10/0.v: 380/T.f: 72 292
BTB’
MIL-173(Zr/Ti)-40 Ti Photocatalyst/water splitting 381 and 145 pmol g ' for H, and O, production/35 °C/22 h/reuse: 3 299

cycles

ZrCeTi-UiO-66- Ti/Ce Photocatalyst/dye degradation 38% 304
NH,
UiO-66 (Zr/Ti) Ti Catalyst/PET polycondensation E,: 22.37 47
UiO66-NH, (Zr/  Ce Catalyst/synthesis of propylene 94%/5% Ce/nBu,NBr/100 °C/4 h/selectivity: 98%/reuse: 5 cycle 293
Ce) carbonate
Zr-CPB-Cu Cu Catalyst/carboxylation of styrene 97%/TBHP/nBu,NBr/80 °C/12 h/selectivity: 95%/reuse: 6 cycles 305
MOF-808-Zn Zn Catalyst/CO, hydrogenation 190.7 M@yeon an*I h™/250 °C/selectivity: 99% 298
Ni-Ce-Zr MOF°  Ni/Ce Catalyst/reduction of MB 99.77%/reuse: 4 cycles 306

“ C.d: current density based on A g~ or mA cm ™2 for energy applications/O.v: overpotential based on mV/T.f: Tafel slope based on mV dec™*/C.v: cell
voltage based on V/O.p: onset potential based on V and S.p (specific capacitance) is based on Fg ™", C g™, and mAh g~ '/E.d: energy density based on
Wh kg '/P.d: power density based on W kg~ '/all percentages in the photocatalyst or catalyst represent the yield, conversion or any efficiency of
MMOFs; for further details, see the references/bandgap based on eV/apparent quantum efficiency (AQE)/photocurrent density (pd) based on pA
cm™?/RT: room temperature/TOF: turnover frequency/TON: turnover number/E,: energy activation based on kJ mol~"/for further details, see the
references. CPB: 1,2,3,4,5,6-hexakis(4-carboxyphenyl)-benzene. ” BTB: 1,3,5-tris(4-carboxylatephenyl)benzene. © BDC as the organic linker.

aminoterephthalate ligand was used as a catalyst in the
synthesis of propylene carbonate under batch conditions. The
Ce Zr-MMOF was relatively stable with less leaching after 4
cycles. It is known that the presence of NH, as a substituent of
the terephthalate ligand increases CO, adsorption of the MOF
due to its basicity. In addition, bifunctional Lewis acid/base
catalysts like UiO-66-NH,(Zr/Ce), containing nodal defects
with acid character and basic -NH, substituents, are very
appropriate to promote CO, insertion into epoxides due to the
dual activation of CO, by basic sites and epoxide by the nearby
acid sites according to the mechanism indicated in Fig. 16. The
role of Ce in UiO-66-NH,(Zr/Ce) is to generate defective struc-
tural centers by effectively decreasing the coordination of the
nodal joints. Appropriate control of the Ce/Zr ratio to 5% results
in optimal UiO-66-NH,(Zr/Ce).>**

Zr-MMOFs have also found applications as photocatalysts
and for adsorption.”**?** Theoretical modeling of crystal
orbitals in some Zr MOFs, however, indicates that the overlap
between the empty Zr*" 4d atomic orbitals and the 7* aromatic
orbitals of the ligand is very poor, hampering an efficient
photoinduced electron transfer from the electronically excited
state of the linker to the metal node. Inserting additional metals
in the structure of Zr-MMOFs can improve overlap between
these two orbitals, resulting in increased photocatalytic activity.
This is apparently the reason for the higher photocatalytic
activity observed upon insertion of Ti in UiO-66(Zr). The 3d
orbital of Ti is larger in size and higher in energy than the
smaller 4d orbital of Zr; therefore, it is better suited to overlap
with the terephthalate linker in its excited state.*** Doping Zr
with other metal ions can also lead to the enrichment of these
metals on the outer surface, which can be correlated to better
CO, adsorption and to the enhanced photocatalytic activity for
CO, reduction. For instance, MIL-173(Zr/Ti), containing
5,10,15,20-tetrakis(3,4,5-trihydroxyphenyl)porphyrin as a linker

This journal is © The Royal Society of Chemistry 2026

with 40% Ti, produces 381 and 145 pumol g~ ' of H, and O,,
respectively, in an overall water splitting reaction that is higher
than that of the single metal MIL-173(Zr) photocatalyst. The
better photocatalytic activity of the mixed metal MIL-173(Zr/Ti)
can be attributed to the (i) porphyrin linker, which acts as
a natural light harvester with high absorption in the visible
region, (ii) Ti 3d orbitals having a closer energy to the oxygen
orbitals than Zr 4d orbitals, allowing better overlap to produce
a crystalline orbital, (iii) decrease of the band gap, and (iv)
higher efficiency of the photoinduced LMCT elementary step.”*®

In summary, Zr-MMOFs can be beneficial for diverse appli-
cations. Applying Zr in nodal positions with various metals,
including Ti, Ce, or even Zn, can be focused on more in the
future for catalytic transformations and photocatalytic reac-
tions, including CO, hydrogenation or reduction. In the case of
sensing applications, Zr-MMOFs are less investigated, but their
synergistic effect can be explored with lanthanides. Due to the
high porosity and stability of the Zr-MOFs, multi-metallic
structure, especially with lanthanides in sensing applications
can also be achieved. Although in electrocatalysis and energy
storage, Zr-MOFs can provide higher stability, their non-
electroactive intrinsic features can hamper their vast usage in
the mentioned applications. Therefore, using the synergistic
effect between Zr and Ni, Fe, Co, or even Mn can enhance their
capability toward energy conversion and storage. Thus, it is
believed that Zr-MMOFs with electro-active metal introductions
can not only possess high stability but also provide higher
activity toward energy applications, including batteries, super-
capacitors, and water-splitting. But structural issues can also
hamper this goal; therefore, optimizing the content of each
metal can be vital.
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Fig. 16 Proposed mechanism for the cycloaddition of CO, and epoxides by a defective bimetallic UiO-66-NH,(Zr/Ce) catalyst. (1) Through the
catalyst, epoxy oxide is integrated with Lewis or Brgnsted acid sites and is activated. Due to the presence of the ~NH, group on the MOF, CO, is
adsorbed and polarized; (2) the nucleophilic Br ion attacks the B carbon atom of epoxide to form the oxygen anion intermediate; (3) the
intermediate interacts with CO, to create halogenated carbonate; (4) through internal cyclization, halogenated carbonate is converted into
cyclic carbonate, while the catalyst is regenerated. Reproduced with permission from ref. 293, copyright 2021 Elsevier.

8. Zinc-based MMOFs

Zn is one of the transition metal elements that is highly
biocompatible with the human body and can also act as an
antibacterial and anti-inflammatory agent and possess medic-
inal properties. Zinc is a relatively inexpensive element that can
be used as a substitute for more costly elements in the medical
field, such as silver.**”*%® The Zn>" ion is a vital component of
the human body, fulfilling a multitude of essential functions.
Zinc-based MOFs are employed in a multitude of fields,
including medicine, sensing, and other areas. The several
applications of Zn-MOFs in medicinal chemistry are due to the
antibacterial properties of Zn®>*, as exemplified by TMU-3.>*
Such MOFs can provide a stable and long-lasting antibacterial
effect by gradually releasing Zn>" as an antibacterial agent. Zn-
based MOFs possess the capacity to function as chemical
sensors due to the luminescent properties of Zn complexes.
Zn**, with a d'® electronic configuration with full d orbital

13268 | J. Mater. Chem. A, 2026, 14, 13238-13285

shells, is a suitable transition metal condition for the purpose of
building a fluorescent probe. This phenomenon requires the
placement of the desired ligand within the MOF structure, and
the incorporation of another metal in conjunction with Zn has
been reported as an effective strategy for fluorescence sensing
and detection purposes.*'**"> Consequently, the incorporation
of additional metals into the composition of Zn-based MOFs
has the potential to yield diverse applications with enhanced
performance, a subject that will be elaborated upon
subsequently.

Zn-MMOFs exhibit novel properties and enhanced perfor-
mance relative to their monometallic counterpart in medicine,
as well as environmental pollutant adsorption and removal
applications.>*>" For example, Lin Wang and colleagues
employed Mn-ZIF-8 to accelerate the healing of infected
wounds. The incorporation of manganese ions was found to
influence the activity of immune cells (macrophages and
neutrophils) and inflammatory cells by modulating the

This journal is © The Royal Society of Chemistry 2026
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surrounding oxidation-reduction environment. Manganese
nanoenzymes have the potential to perform the same functions
as superoxide dismutase (SOD), glutathione peroxidase (GPx),
and catalase (CAT). The final inhibitory effect on inflammation
is exerted by copper, iron, and zinc. Zn in Mn-ZIF-8 was found to
exhibit antibacterial activity, effectively destroying bacteria
associated with infected wounds. Mn present in this MMOF is
responsible for reducing inflammation, and the overall result is
better wound healing through its SOD activity. Furthermore, the
simultaneous presence of Mn**/Mn** in ZIF-8 frameworks
enables the scavenging of excessive reactive oxygen species
(ROS). It was clearly proven that bimetallic Mn-ZIF-8 exhibits an
enhanced performance relative to its monometallic counter-
parts. The incorporation of 20% Mn into the ZIF-8 structure
improves its bactericidal efficacy approximately two-fold with
respect to ZIF-8, thereby substantiating its role as a key
contributor. The combination of the two metals results in
a synergistic effect that enhances the performance of Mn-ZIF-8.
Fig. 17 illustrates the synthesis of bimetallic Mn-ZIF-8 and its
action mechanism, accelerating the healing of infected
wounds.*"?

Compared to MMOFs based on Ni, Co, and Fe, the number of
reports exploring Zn-MMOFs as electrocatalysts is relatively

~

zn(N03)z . 6Hzo

/E;i 2-methylimidazole
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limited, but from the existing literature, it can be concluded
that the incorporation of Zn ions into the MMOF structure can
assist the electrocatalytic activity of the resulting MMOF. Thus,
typically Zn/M MOFs exhibit lower charge transfer resistance
and higher electrical conductivity. Due to its d'* electronic
configuration in its orbital, Zn** ions can shuttle electrons to
other metal ions with open d orbitals in their valence shell and
stabilize the structure in the alkaline environment. As an
example, Zn adjacent to other electronegative metal ions was
found to increase NH; yield and electrocatalytic NRR activity. In
one example of the application of Zn-based bimetallic MOFs for
the OER, the performance of pillared MnZn-MUM-1 [(Zn,(ps-
odba),(u-bpdh)],-nDMF; odba: 4,4’-oxydibenzoic acid and
bpdh: 2,5-bis(4-pyridyl)-3,4-diaza-2,4-hexadiene) grown on NF
having various ratios of Mn and Zn was studied.*'® It was found
that Mng 5Znys-MUM-1 exhibits excellent OER performance
compared to its counterparts, measuring an overpotential of
253 mV and a Tafel slope of 73 mV dec™ " at a current density of
10 mA cm ™2, and a high Cy, proficiency of 9.2 mF cm™2. These
values indicate that Mn, 5Zn, ;-MUM-1 exhibits excellent OER
activity and the chronoamperometric measurements shown in
Fig. 18 indicate that this material also has great stability after
6000 cycles. It has been proposed that the reason behind the

3 - _— ;
@ = & Mn= @ Mt é 2-methylimidazole}
‘ Mn-ZIF-8

gﬁ-‘ Hydrolysis:
et Zn?', Mn2:, Mné+

Fig. 17 Synthesis of bimetallic Mn-ZIF-8 and its healing mechanism on infected wounds. Reproduced with permission from ref. 313, copyright

2021 Wiley.
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better performance of ZnMn-MMOF is related to the (i) adjust-
able Zn/Mn ratio and their integration with NF, (ii) porosity and
open internal channel of MOF, (iii) synergistic effect between
the two metal ions with Mn acting as active sites for electro-
chemical processes, and (iv) easy penetration of electrolyte ions
into the catalyst for enhancing charge transport.**® In another
study of Zn-MMOFs as electrocatalysts, the UOR activity of
bimetallic Zng 33Vo.66-MOF [Zng(IDC),(OH),(Hprz),], (IDC
imidazole-4,5-dicarboxylate, and Hprz: piperazine) grown on NF
was investigated, reaching a current density of 50 mA cm ™2 at
a potential of 1.42 V (vs. RHE) and measuring a Tafel slope of
122 mV dec™ ", Increasing the V percentage potentially enhances
UOR activity up to an optimal ratio of 0.66 due to the alteration
of the crystalline structure and the positive synergistic effect
played by Zn over the active centers of the UOR.*” Beyond
electrocatalysis, there are a few examples of the influence of Zn
in MMOFs for energy storage systems. In these systems, the
proposed role of Zn is similar in electrocatalysis, enhancing
charge transport and increasing electrical conductivity. Among

13270 | J. Mater. Chem. A, 2026, 14, 13238-13285

the examples of using Zn-MMOFs to build supercapacitors, the
synthesized NiCoZn-BDC-MOF and NiCoZn-BTC-MOF were
assembled in symmetric charge storage devices. Among them,
BDC-MOF exhibits an energy storage performance of 95.22 F
¢!, this good value being attributed to the synergistic effect
among the metals and also their pseudocapacitive behavior.**”
Controlling of Mg/Zn ratio in Zn-MMOFs can avoid the forma-
tion of MgO nanoparticles contributing to the creation of
a micro-pore structure, effectively augmenting specific capaci-
tance which these types of materials can be explored more in
the near future.**® In one report on the MMOF derivative for
developing innovative battery devices, trimetallic MOF MnZnNi-
BDC was pyrolyzed to obtain a bimetallic Ni-MnO/PC (PC:
porous carbon) derived material, in which Zn sublimed during
the process and Ni-doped MnO.?"* Ni-MnO/PC was used as the
cathode in an aqueous Zn-ion battery, achieving a discharge
capacity of 349 mAh g~ " at a current density of 100 mA g~ " with
ultra-long stability. Even when operating at a current density of
3000 mA g, the synthesized bimetallic MOF-derived material

This journal is © The Royal Society of Chemistry 2026
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retains 91.1% of its initial capacity in 6000 cycles. Mechanistic
studies indicate that Zn storage on MNi-MnO/PC occurs
through co-intercalation of H" and Zn>".>*°

Regarding the use of Zn-MMOFs in thermal catalysis, it has
been reported that the combination of heavy metal ions with Zn
into the MOF structure increases accessibility to the heavy metal
active sites by the porosity of the MOF, while the different
affinity to ligands of Zn and heavy metals can serve to regulate
the resulting catalytic activity. Thus, it is known that Zn-MOFs
cannot activate oxygen molecules, but the incorporation of
a heavy metal can introduce this catalytic activity, thereby
resulting in a catalyst with interesting aerobic oxidation activity.
In contrast to oxygen activation, Zn can activate H, and control
hydrogenation selectivity. One well-known case is selective CO,
hydrogenation to methanol, in which the combination of Cu
and Zn is necessary to drive methanol formation. In a realiza-
tion of this concept in Zn-MMOFs, bimetallic MOF-74(Zn) (2,5-
dihydroxyterephthalte as the linker) was prepared by mecha-
nochemical synthesis. Cu was incorporated subsequently,
taking advantage of the dual coordination sites of the linker,
either at the carboxylate sites or at the phenolic hydroxyl groups
in Zn-based MOFs. The generation of defects by further mech-
anochemical treatment of desolvated samples results in an
amorphous, low surface area and non-porous a-ZnCu-MOF-74
that presents better catalytic activity for CO, reduction and
selectivity toward methanol compared to inactive monometallic
Cu-MOF-74 and crystalline ZnCu-MOF-74. The reasons behind
the better catalytic activity and selectivity of the catalyst are
related to the following: (i) Zn increases the binding energy of
the reaction intermediates decreasing activation energy and
providing more attainable active sites, (ii) the incorporation of
defect sites in the MOF increases the number of active sites, and
(iif) the amorphization reduces the surface area, but it also
decreases the particle sizes and alters the coordination envi-
ronment of the nodes in MOF-74, therefore augmenting the
methanol productivity.’* In one of these examples related to
catalysis, bimetallic [Cd,Zn-(DPTTZ),5(OBA);(H,O)(HCOOH)]
(DPTTZ = 2,5-di(4-pyridyl)thiazolo[5,4-d]thiazole and OBA =
4,4"-oxybis(benzoic acid)) was found to exhibit good perfor-
mance as a catalyst in cyclooctene epoxidation.**® Good yields
were obtained with this CdZn-MMOF after optimization of
various parameters in the material including: (i) the reaction
temperature, since higher temperatures facilitate overcoming
the activation barrier of the rate-limiting step, (ii) the nature of
the oxidizing reagent, since tert-butylhydroperoxide (TBHP) was
found to be more convenient than H,0, in aqueous medium,
(iii) catalyst amount, since a higher amount leads to higher
yields, (iv) reaction time, with optimum times avoiding over-
oxidation and epoxide decomposition, (v) solvent, with epoxi-
dation performing better using CCl, due to its low coordination
capability and low dielectric constant which can impact diffu-
sion to the active centers, whereas complexing solvents reduce
the epoxide yield by inhibiting the coordination environment
around the metal center, and (vi) the presence of a co-catalyst
and Lewis acid, since the presence of AlI** ions as Lewis acid
sites leads to enhanced reactivity.*”® In one study, a Pb, Zn-
based bimetallic MOF, namely [PbZn, sL(H,0)]o sNMP-{H,0},

This journal is © The Royal Society of Chemistry 2026
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(L: 1H-tetrazol-5-yl)terephthalic acid, (NMP: N-methyl-2-
pyrrolidone) was synthesized for catalysis.*** The ligand selec-
tion, synthesis, and resulting structure of PbZn-MMOF follow
the rules of the hard-soft acid-base theory, since Pb has a pref-
erence to coordinate with the oxygen atoms of the carboxylate
groups, while Zn coordination occurs through the N atoms of
the tetrazole unit. In that way, while monometallic Pb or Zn with
the tetrazolylterephthalate does not form porous structures, the
bimetallic Pb,Zn-MMOF is a porous framework, thus corre-
sponding to a MOF material that requires porosity as a struc-
tural property.*** This PbZn-MMOF is a catalyst for CO, fixation
onto epoxides to form cyclic carbonates, a reaction of impor-
tance to obtain solvents and monomers.*** Up to 98% yield for
CO, conversion was achieved for epichlorohydrin 1-butene
oxides using tetra N-butylammonium bromide as a co-catalyst.
In this PbZn-MMOF, Zn provides porosity in structure, and
the synergistic structural effect between them results in a highly
stable porous MOF achieving CO, conversion efficiencies of up
to 98%. The two reaction mechanisms were suggested to involve
either interaction of epoxide O atoms with the Lewis sites of the
MOF with the assistance of the bromide to the epoxide ring
opening or activation of CO, by the MMOF.***

In total, Zn-MMOFs can be used as electrocatalysts and in
energy storage systems, because they can facilitate charge
transfer. Therefore, the synergistic effect between Ni, Co, and
Mn can be beneficial for energy applications. Due to its d"°
electronic configuration in its orbital, Zn>" ions can shuttle
electrons to other metal ions with open d orbitals in their
valence shell and stabilize the structure in the alkaline envi-
ronment; therefore, it can not only be beneficial for energy
applications but also can be useful for photocatalysis, catalysis,
and sensing applications. Table 5 summarizes recent work on
Zn-MMOFs for various applications, including key performance
metrics.

9. Lanthanide-based MMOFs

In recent years, multi-metal MOFs based on lanthanides (La-
MMOFs) have been the subject of considerable scientific
interest especially in sensing applications.****** However, the
use of La-MMOFs as catalysts is considerably less explored.?****

Lanthanides have partially filled 4f orbitals, which provide
many accessible electronic levels, leading to interesting optical
properties. Except for Lu**(4f*) and La** (4f°), all lanthanide
ions exhibit luminescence emission, some in the visible region
and some in the near-infrared region. The electronic transitions
observed in lanthanide-based polymetallic MOFs, including
charge transfer (such as metal-to-metal charge transfer
(MMCT), metal-to-ligand charge transfer (MLCT), and ligand-to-
metal charge transfer (LMCT) charge transfer) and 4f-5d tran-
sitions, can result in atomic emission from the lanthanide
ions.**?

The unique behavior of some luminescent MOFs to respond
to specific external stimuli by modifying the emission intensity
or turning the emission off and on has attracted the attention of
the scientific community.®®*® La-MMOFs have demonstrated
efficacy in sensing a range of analytes, including small
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Table 5 Summary of reported Zn-MMOFs or derived materials, indicating their use and their performance®
Zn-MMOF Other metals Applications Efficiency Ref.
Mng 5Zn, 5-MUM-1 Mn Electrocatalyst/OER C.d: 10/0O.v: 253/T.f: 73 316
71N 33Vo 66-MOF/NF? A% Electrocatalyst/UOR C.d: 50/0.p: 1.42/T.f: 122 67
NiCoZn-BDC-MOF Ni/Co Supercapacitor S.p: 582.8/C.d: 5 (3000 cycle)/ 317
E.d: 40.47/P.d: 687.5/
retention: 92.44%
CDZ-20 Cu Photocatalyst/water splitting H, generation rate: 13.9/ 322
Bandgap: 4.42/AQE: 9.08%/
P.D: 34
Cu@ZIF-8 Cu Catalyst/hydrocarbon 16%/120 °C/O,/24 h/ 323
oxidation selectivity: 85%/reuse: 2
cycles
Cu@ZIF-8 Cu Catalyst/hydrogenation of >99%/RT/N,H,.H,0/14 h/ 324
alkenes selectivity: 99%/reuse: 3
cycles
NUC-51a Ba Catalyst/knoevenagel 97%/55 °C/n-BuyNBr/5 h/ 325
condensation reaction selectivity: 99%/TON: 97.2/
TOF: 16.2/reuse: 5 cycles
PtZn-MOF-74 Pt Catalyst/CO oxidation E,: 101.31/TOF: 2.32/reuse: 5 326
cycles
a-ZnCu-MOF-74 Cu Catalyst/CO, reduction E,: 78.6/200 °C/selectivity: 319
99%
1UST-4 Cd Catalyst/epoxidation 99%/TBHP/60 °C/4 h/ 320
reaction of olefins selectivity: 99%/reuse: 5
cycles
[PbZn, sL(H,0)]o.sNMP Pb Catalyst/CO, conversion 98%/TBAB/RT 321
{H;0},
Zn/Ca-MOF*¢ Ca Sensing/Fe** and Cr,0,%~ Detection limits: 18.8 uM for 327

Fe*" and 29.1 pM for Cr,0,%~

“ C.d: current density based on A g™ or mA cm ™ for energy applications/O.v: overpotential based on mV/T.f: Tafel slope based on mV dec™"/C.v: cell
voltage based on V/O.p: onset potential based on V and S.p (specific capacitance) is based on Fg ™', C g™, and mAh g '/E.d: energy density based on
Wh kg '/P.d: power density based on W kg™ '/all percentages in the photocatalyst or catalyst represent the yield, conversion or any efficiency of
MMOFs; for further details, see the references/bandgap based on eV/apparent quantum efficiency (AQE)/photocurrent density (pd) based on pA
cm ?/RT: room temperature/TOF: turnover frequency/TON: turnover number/E,: energy activation based on kJ mol~'/for further details, see the
references. ” Linear N-donor piperazine (Hprz), rigid planar imidazole-4,5-dicarboxylate (IDC*”) as linkers. © 5,5'-(Propanen-1,3-diyl)-bis(oxy)

diisophthalic acid as the linker.

molecules, ionic species, pH, explosives, and temperature, due
to these optical properties of lanthanides. Moreover, the
intrinsic chemical and structural attributes of MOFs containing
lanthanides render them valuable in bioassays. Illustrative
examples of the use of La-MMOFs for sensing are described
below.**?

The sensing of hydrogen peroxide, as one ROS in living
organisms, is significant, for example, to gain a deeper under-
standing of the mechanism of activity enhancement and the
early detection of plant health. In this context, Kun Wang et al.
reported a bimetallic-Ce/Zr organic framework (Ce/Zr-MOF)
that demonstrated enhanced performance in mimicking enzy-
matic peroxidase activity. The peroxidase (POD) activity of the
bimetallic-organic Ce/Zr framework was found to be higher
than those of the corresponding monometallic MOFs. In addi-
tion to exhibiting sensing properties, this Ce/Zr metal frame-
work also displays catalytic characteristics. In the catalytic cycle,
the Ce and Zr redox cycles operate synergistically, enhancing
the activity of POD and facilitating the highly sensitive detection
of hydrogen peroxide. The biosensor can be quantitative, being
capable of providing information regarding the concentration
of hydrogen peroxide. The color change is visually discernible to

13272 | J Mater. Chem. A, 2026, 14, 13238-13285

the naked eye, obviating the need for expert interpretation and
rendering the process highly accessible. The enhanced POD-like
activity mainly relied on the incorporation of Ce, which
enhanced the conductivity and electron transport capability of
Ce/Zr-MOF and boosted the production of "OH.***

Mercury ions are highly toxic, and their detection and
quantification are crucial for human health and the quality of
water, food, and medicine. Mercury detection has attracted the
attention of numerous scientists, who have sought to develop
more efficient methods for measuring Hg”" ions. In response to
this need, Lian Xia and colleagues synthesized a bimetallic La-
MMOF using Ce*" and Eu*" and a 5-boronoisophthalic acid (5-
bop) ligand for Hg** ion sensing. The LMCT in Ce*" is more
facile due to the lower energy of its 4f empty band in compar-
ison to the Eu’' ion. Consequently, Ce*" exhibits a greater
capacity to absorb energy than Eu®'. For this reason, Ce*"
exhibits a more extensive and robust fluorescent emission than
Eu®’. Upon exposure to Hg>", the bimetallic La-MMOF
undergoes an LMCT, whereby the boric acid group is replaced
by a mercury ion. This process considerably disturbs the
emission of the EuCe-MMOF, resulting in a decrease in the
fluorescence intensity of Eu®* and an increase in the

This journal is © The Royal Society of Chemistry 2026
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Fig. 19 Synthesis of bimetallic La-MMOF and its application in the detection of Hg?* ions. Reproduced with permission from ref. 328, copyright
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fluorescence intensity of Ce*". This behavior makes the bime-
tallic CeEu-MOF capable of detecting Hg>" with high selectivity.
The employment of this bimetallic MMOF instead of the
monometallic analogs results in the improved detection of Hg>*
with a lower detection limit and higher selectivity (Fig. 19).%*®
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In another report on the use as a sensor of a bimetallic La-
MMOF, Eu/Zr-UiO-66 was synthesized to quantify volatile
organic compounds (VOCs), with a particular focus on cyclo-
hexanone and styrene. The BDC ligand in this MOF exhibits
a strong emission effect due to the m-system in its aromatic
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Fig. 20 XPS data of (a) Ce 3d and (b) O 1s for CeO, and porous Ceg.9Tbg.;Oy obtained by thermal treatment of the corresponding MMOF.

Reproduced with permission from ref. 337, copyright 2019 Elsevier.
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Table 6 Summary of reports on La-MMOFs or derived materials for diverse applications with some metrics regarding their efficiency”

La-MMOFs Other metals Applications Efficiency Ref.
Ce-MOF@Pt’ Pt Electrocatalyst/water splitting C.d: OER and HER: 10/O.v: OER: 340 and 330
HER: 208/T.f: OER: 47.9 and HER: 188.1
Pd/LaQS Pd Catalyst/hydrogenation of furfural >99%/30 min/selectivity: 99%/reuse: 4 cycles 331
Ce-UiO-Co Co Catalyst/methane oxidation to methanol 2166 mmol gcafl/HZOZ/SO °C/ 78
selectivity: 99%/TON: 3250
NUC-56a In Catalyst/knoevenagel condensation reaction 96%/65 °C/n-Bu,;NBr/7 h/TON: 340
960/TOF: 137/reuse: 10 cycles
Tb-Ce-MOFs® — Sensing/phosphate ion LOD: 28 nM/metrics: water 341
Eug.045Tbg.05.Gdg o-CPBA — Sensing/glyphosate LOD: 0.47 pM/metrics: water 342
Tbg.4/Eug ¢-BTC — Sensing/dipicolinic acid LOD: 4.9 nM/metrics: soil and water samples 343
Cu/UiO-66 Cu Sensing/chloramphenicol LOD: 0.09 nM/metrics: fish 344
Tby cEuy.4-MOF? — Sensing/sulfamerazine LOD: 0.1 uM/metrics: fish 345
Eug ¢5Tbg o5 — Sensing/nitrofurazone LOD: 0.013 uM 346
Eu/Zr-MOFs® Zr Sensing/acrylamide LOD: 2.4 x 10~° M/metrics: food 347
Eug,0,Gdg.03-MOF? — Sensing/Fe®* LOD: 0.091 uM/metrics: water 348
EUy 75Tbo.925-MOF — Sensing/Fe** LOD: 2.71 X 10’ M to 8.72 x 10’ M/ 349
metrics: water
ZnzEu,-L° 7n Sensing/Fe3+ LOD: 1.14 yM 350
Zn/Eu-MOF Zn Sensing/ofloxacin LOD: 0.44 uM/metrics: food 351
La-MOFs — Sensing/F~ LOD: 96 ppb/metrics: water 352
Eu/Tb(BTC) — Sensing/Bacillus anthracis LOD: 1087 nM 353
Tby.oGdy.1-PBA — Sensing/anthrax biomarker LOD: 1.03 uM/metrics: urine and water 354
Eu, ,Tbg; g-TCA — Sensing/water LOD: 0.016% v/v/metrics: organic solvent 355
EUo.00667TP0.99337 — Sensing/temperature CIE coordinate of (0.3333, 0.3394), wavelength of 350 nm 356
Fe/Eu-MOF Fe Sensing/serum alkaline phosphatase (ALP) LOD: 0.9 U L™* 357
Eu/Zr-MOFs® Zr Sensing/acrylamide LOD: 2.4 x 10" * M 347
EuTb-MOF-1 — Sensing/Pb** sulfamethoxazole (SMZ) LOD: 0.037 uM 0.041 pM/metrics: water 358
sulfadiazine (SDZ)
Tb ;Eu, 3(BDC)3(H,0), — Sensing/dipicolinic acid (DPA) LOD: 2 to 100 uM/metrics: water 359

¢ C.d: current density based on A g~ " or mA cm ™ for energy applications/O.v: overpotential based on mV/T.f: Tafel slope based on mV dec™/C.v: cell
voltage based on V/O.p: onset potential based on V and S.p (specific capacitance) is based on F g™*, C g¢”*, and mAh g~ '/E.d: energy density based on
Wh kg '/P.d: power density based on W kg™ '/all percentages in the photocatalyst or catalyst represent the yield, conversion or any efficiency of
MMOFs; for further details, see the references/bandgap based on eV/apparent quantum efficiency (AQE)/photocurrent density (pd) based on pA
cm ?/RT: room temperature/TOF: turnover frequency/TON: turnover number/E,: energy activation based on kJ mol '/for further details, see the
references. LaQS: La-based metal-organic framework; CPBA: 3,5-bis-(3-carboxyphenoxy)benzoic acid; TCA: 4,4’,4"-nitrilotribenzoic acid. 5 BTC as
an organic linker. ¢ NH,-BDC as the linker. d 2,3,5,6-Tetrafluoroterephthalic acid (H,tfBDC) as the linker. © HiTTHA: 1,3,5-triazine-2,4,6-triamine

hexaacetic acid as the linker.” H,TDC: 2,5-thiophenedicarboxylic acid as the linker.

rings, which is enhanced by the addition of Eu®*. The bimetallic
MOF displays a higher fluorescence intensity than UiO-66,
which can be attributed to the “antenna effect” and the stron-
gest °D, — ’F, transition. In this study, the fluorescence
intensity of Eu/Zr-UiO-66 was investigated in the presence of
different VOCs. It was observed that the fluorescence intensity
of the MOF increased by 54% when exposed to cyclohexane and
decreased by 76% when exposed to styrene. However, in the
presence of other VOCs, no discernible change was observed.
Styrene as a VOC displays greater sensitivity and larger fluo-
rescence change compared to aliphatic compounds. This higher
response for styrene can be attributed to the effect of the
aromatic ring and its p electron cloud, which should interact
better with the metal ions and the MOF terephthalate linker. As
the UV absorption spectrum of cyclohexanone and styrene
overlaps with the emission spectrum of Eu/Zr-UiO-66, exposure
of this compound to cyclohexanone and styrene results in
a decrease in emission intensity and cessation of emission due
to the fluorescence resonance mechanism and energy transfer,
in which light emitted by the terephthalate linker is absorbed by

13274 | J. Mater. Chem. A, 2026, 14, 13238-13285

the analytes and not detectable. This is attributable to the
synergistic effect of the two metals and the superior perfor-
mance of a bimetallic MOF in comparison to a monometallic
one.*” Besides fluorescence and VOC sensing ability, other
collateral effects of the incorporation of Eu®" in the MOF
structure are a more uniform pore distribution and a larger
surface area in Eu/Zr-UiO-66 (1 : 9) compared to a monometallic
Zr-Ui0-66.%*°

In a synthesis of La-MMOF reported by de Azambuja, Parac-
Vogt, and co-workers, Zr/Ce-MOF-808 was obtained, which can
function as a peptidase enzyme. The role of Ce**, in this case, is
of particular importance to enhance the enzymatic activity of
MOF-808, as Ce"" is a more efficient center for peptide bond
hydrolysis than Zr*", which explains the enhanced performance
of the bimetallic MOF in comparison to the monometallic.?*
Furthermore, Ce"" increases the durability of this MMOF in an
aqueous environment. This is a crucial point regarding the
catalytic activity as demonstrated in this and other examples.

In another instance, Li, Yang, and coworkers reported
a bimetallic La/Ca-BDC MOF for the application of phosphate

This journal is © The Royal Society of Chemistry 2026
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Fig. 21 Proposed mechanism for the activation of methane by Ce-UiO-Co MMOF. Reproduced with permission from ref. 78, copyright 2022

American Chemical Society.

removal in water. By incorporating Ca into a La-BDC MOF, the
phosphate removal capacity was significantly increased. In
addition, this bimetallic MOF works in a wide range of pH from
3 to 9, which indicates the high performance of this bimetallic
MOF in comparison to La-BDC, particularly under basic pH
values.**

As previously stated, the measurement of H,O, in biological
fluids is important because this substance, despite its low
toxicity, has the potential to generate ROS responsible for
damaging carbohydrates, proteins, and lipids. It has been
proposed that hydrogen peroxide formed as a byproduct of
aerobic metabolism can accumulate in the body causing
oxidative stress that may result in cell malfunction. Conse-
quently, scientists have devised various methods for measuring
this substance. In this context, it is known that certain metal
oxides, including TiO,, MnO,, Co;0,, CeO,, and Fe,0;, can be
used for the detection of hydrogen peroxide. Among these metal
oxides, CeO, has garnered particular interest from scientists in
the fields of medicine and biology for its ability to decompose

This journal is © The Royal Society of Chemistry 2026

hydrogen peroxide mitigating the negative effects of free ROS
and its effective catalytic activity. In this regard, Guo et al. have
reported the synthesis of two metal oxides derived from bime-
tallic rare earth homotypic metals to measure hydrogen
peroxide, where homotypic indicates that the Ce and the second
rare earth metals are similar in properties and exchangeable.**”
Two issues were taken into consideration during the develop-
ment of this sensor. First, the researchers employed two
homotypic metals to ascertain the potential for a synergistic
effect, in addition to the similar properties of the homotypic
elements. As is generally the case when two elements with
similar atomic mass, oxidation state, and radius are
substituted, this substitution results in the formation of
a highly stable framework. The utilization of a porous MOF
precursor facilitates the generation of a large surface area and
precise channel interconnections, which finally leads to an
enhanced sensing efficiency.®*” Accordingly, MMOFs were
employed as a precursor to prepare homotypic porous bime-
tallic oxides. To this end, the CeoTb,-MOF (BTC as linker)
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crystal was initially synthesized, with its XRD peaks agreeing
with those of Ce-MOF. Upon heating the material to 400 °C in
air, the Ce-MMOF underwent decomposition, resulting in the
formation of the Ce, ¢Tb, 1Oy crystal through the MOF-derived
process. The XRD pattern of the obtained mixed oxide is
consistent with the crystallography of CeO,. The resulting solid
oxide exhibits some of the characteristics of Cey¢Tby-MOF,
particularly its porosity. The formation mechanism of the final
micron-sized porous Cey¢Tb, 0, is proposed to occur in two
steps, in which first Ce,oTby;-MOF decomposes, forming
bimetallic oxide nanoparticles that, in a second step, undergo
sintering of the bimetallic nanoparticles and growth, giving rise
to micron-sized crystals but retaining a considerable degree of
porosity. Compared to CeO,, the bimetallic oxide sample
exhibits a larger pore volume and surface area, thereby
providing a higher density of accessible catalytic sites. XPS was
used to investigate the surface composition and oxidation states
of both CeO, and Ceq4Tb, 0, samples. The comparison of
these two spectra shows that the relative O, percentage on the
surface of Ceg oTbg 0, is higher than that of the monometallic
crystal. The Ce** ion plays a role in the electron transfer rate.
Ce®" content in CeyoTb, 10, is higher than that in CeO,. This
indicates that by incorporating Tb in the crystal structure, it is
possible to increase the content of Ce®", showing a higher
sensing ability in detecting H,O, using CeyqoTb 0, in
comparison to CeO, (Fig. 20).**” All reported sensing and other
applications in La-MMOFs are summarized in Table 6.

La-MMOFs have been much less investigated for applica-
tions related to electrocatalysis, catalysis, and removal.?3%33%3%
For La-based bimetallic MOFs used as catalysts, an example
worth mentioning is bimetallic Ce-UiO-66-Co, which exhibits
lower activation energy for chemoselective methane oxidation
to methanol by H,O, under high pressure than the Zr-UiO-66-
Co counterpart, resulting in better catalytic performance for
the former.” This better performance of Ce-UiO-66-Co was
attributed to: (i) the higher activity and selectivity for Ce
compared to when Zr is in the structure, (ii) the higher electron
deficiency on Co due to the electronegativity of the Ce**-oxo
cluster node that renders Co more similar to a Co®>" species,
thereby enhancing C-H activation of methane via c-bond
metathesis, and (iii) a certain increase in pore size for Ce-UiO.”
Mechanistic studies on bimetallic Ce-MOFs have led to the
proposal that coordination of H,0O, to Co ions, followed by
removal of H,O, results in the formation of a Co-OOH inter-
mediate. A scheme of the proposed mechanism of methane
activation by Ce-UiO-66-Co is depicted in Fig. 21. Subsequent
steps involve the formation of a CH;-O bond by oc-bond
metathesis between the C-H bond of methane and the Co-O
bond of Co-OOH. Finally, CH;0H is released by the replace-
ment of the Ce-OCH; bond by Co-OH, closing the catalytic
cycle.”

Lanthanide incorporation is the most frequently employed
strategy in MMOFs and derivatives for application in sensing,
due to the remarkable atomic fluorescence properties of these
metals. From the existing literature, it appears that co-
incorporation of more than one lanthanide element is gener-
ally favorable and can increase sensing efficiency even more.
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Although Ln-based MMOFs are less investigated in energy
applications, findings indicate that they can have intrinsic
activity in water-splitting, especially doping or incorporation of
Ce into the structure of MMOFs, which can augment electro-
catalytic activity and serve to introduce structural defects, which
should increase the number of active sites, thereby boosting the
catalytic performance with respect to the parent monometallic
MOF. In the future, besides focussing on sensing properties of
La-MMOFs, but also can be demanding to explore the role of
lanthanides in La-MMOFs in the electro-/photocatalysis, cata-
Iytic organic transformations, and pollutant removal.

10. Conclusions

A simple procedure for synthesizing MMOFs is always beneficial
for any application. Especially suitable methods are in situ or
one-pot synthesis, since they are the simplest methods, con-
sisting of the formation of MMOFs from a mixture of all
components. Also, the use of preformed clusters can be a prac-
tical strategy with the advantage of fine control of the molar
ratio of the metals prior to the formation of MMOFs, which
appears to be very appropriate considering that an optimal
molar ratio is usually required to achieve the highest efficiency
in most applications. For energy storage applications with Ni-
containing MMOFs, one of the most favorable strategies is the
in situ growth of a Ni-MMOF on nickel foam, since in this way,
the nickel foam acts as the source of Ni and the resulting MMOF
exhibits superior electrocatalytic activity or specific capacitance
that is impossible to reach in other synthetic methods. Similar
strategies using other metal foams or metal elements are,
however, still to be developed, but appear promising in view of
the excellent results achieved with Ni foam. In other cases, the
metallo-ligand strategy in which a preformed metal complex is
used in the MMOF synthesis can be a practical route for certain
specific MMOFs due to their well-defined incorporation of
suitable complexes acting as linkers. Metallo-ligands in MMOFs
can especially introduce some response in the materials,
transferring electrons within the structure, particularly in
electrocatalytic applications, frequently establishing a syner-
gistic effect with other metals in the structure. In comparison to
electrocatalysis, the use of metallo-ligands in MMOFs is much
less explored in photocatalysis, although the reported examples
already show considerable potential, and it is even less inves-
tigated in catalysis. This is somehow unexpected considering
that metal complexes have very high catalytic activity as
homogeneous catalysts in a variety of reactions. Regarding
MMOF-derived materials, thermal treatment causes the
collapse of the crystal structure, forming an amorphous struc-
ture that nevertheless retains a high specific area, very small
particle size, and a large number of attainable active sites.
Depending on the atmosphere of the thermal process and the
temperature, the organic linker can completely disappear,
forming an inorganic solid, like oxides, or can be carbonized,
yielding amorphous porous carbon. The loss of the crystal
structure is particularly interesting for the use of the resulting
derivative in electrocatalysis and as an active material in
supercapacitors. Post-modification methods to obtain MMOFs

This journal is © The Royal Society of Chemistry 2026
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have been divided into core-shell, insertion, and exchange
routes, and all of them are less explored compared to the pre-
modification approach and MMOF derivatization, probably
due to their higher complexity. It has been found that post-
synthesis incorporation of additional metals in a preformed
structure can diminish its crystallinity, which can be beneficial
or detrimental depending on the application. As a general
comment, it seems that post-modification strategies, despite
having considerable potential, still require much further
attention to overcome their limitations, such as the complexity
or high cost of precursors.

This review has described the use of MMOFs and their
derivatives for applications related to electrical energy conver-
sion and storage, catalysis, photocatalysis, and sensing. As
a general summary, it can be concluded that MMOFs perform
better than the corresponding monometallic MOFs due to
synergistic effects. Typically, there is an optimum molar ratio of
each metal to achieve a balance between the site accessibility
and crystallinity of MMOFs and composition that results in
higher efficiency, abundance and affordability, and the appro-
priate redox potentials of the various Ni oxidation states provide
efficient electroactive catalytic sites. In addition, Ni establishes
synergistic effects with other metal ions, such as Fe and Co,
resulting in an increase in faradaic efficiency, including a lower
overpotential, smaller Tafel slope, lower energy barrier of the
rate-determining step, lower charge resistance, increased
double-layer capacitance, and higher turnover frequency. Also,
for energy storage applications, Ni-MMOFs are again the most
frequently reported systems in the literature due to the high
electroactivity of Ni ions and their synergistic effect with Co and
Mn, leading to increased specific capacitance. In comparison to
energy storage and conversion, the nature of the metals in MMOFs
for catalytic applications is wider and more diverse, although the
literature is at present dominated by Co, followed by Zn and Cu, as
the three most prevalent elements in MMOF structures. Due to the
favorable accessibility of a porous structure, a larger number of
defects generated almost universally by the native metal and
regulation of the electronic properties of the active sites, MMOFs
frequently exhibit better catalytic performance than monometallic
MOFs, achieving higher conversion and yields in the catalytic
reactions. Regarding photocatalysis, MMOFs can also perform
better than monometallic analogs by diminishing the bandgap,
which results in enhanced light harvesting and regulation of the d-
band center to the Fermi level. The most frequently employed
metals in MMOF photocatalysts are Ni and Fe, besides heavy metal
ions and lanthanides. Lanthanides are by far the most commonly
used MMOFs utilized in sensing due to their atomic fluorescence.
Incorporation of lanthanides into MMOFs enhances their sensing
performance relative to their monometal counterparts, a phenom-
enon attributed to the synergistic effect between the constituent
metals. Besides their use as sensors, Ce-MMOFs are also employed
as catalysts and photocatalysts. In terms of other applications,
such as removal of pollutants and adsorption, medicine and
separation, there are already several reports showing that Fe as
a second or third metal can be effective in increasing the perfor-
mance of the material by either acting as an active site or providing
a selective coordination environment. Besides experimental

This journal is © The Royal Society of Chemistry 2026
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measurements, further rationalization and deeper understanding
of the specific role of each metal in MMOFs is still necessary in
general. Also, better control over crystal engineering and a wider
toolbox of possible modifications to prepare the required MMOF
and derivatives at will are still desired. Enhancing the efficiency of
MMOFs by using other metal combinations can lead to optimal
performance of these materials for specific applications. Using
abundant elements to obtain materials with the highest activity
remains a challenge in this area. Also, some drawbacks such as
controlling the crystalline structures of MOFs by introduction of
multiple metals, providing commensurate metal salt precursors,
modulation of the molar ratio, and choosing appropriate content
of each metal for higher efficiency, complexity of some synthesis
routes, scalability, and stability in some cases can be noticed more
in the future for achieving the best performance of MMOFs. Future
research in this area should focus not only on synthesizing new
MMOFs with optimal molar ratios but also on providing an
understanding of the specific role of each metal and the reasons
for their synergy, including more in situ analysis, analysis that
evaluates alterations in electronic structures before and after
operation, and theoretical simulations such as DFT.

11. Outlook and future prospects

The synthesis and application of MMOFs and their derivatives is
a fast-growing area that has shown the unique performance of
these materials as a consequence of the combination of two or
more metals, but it currently encounters several limitations and
bottlenecks. Further understanding of each metal's role in
MMOFs and investigation of the reasons for improved efficiency
are mandatory to advance the field. This could provide some
guidelines for the selection of the composition of the optimal
materials for a given application. Computational modeling
must assist in gaining this knowledge and in predicting optimal
materials. Novel, general synthesis strategies that could allow
the obtainment of the desired MMOF with a good balance
between affordability and performance are also needed for
future development of the area. Although many studies have
shown improved performance in diverse fields of MMOFs
compared to single-metal MOFs, the understanding of the role
of each metal in applications such as catalysis, energy-related
applications, sensing, and pollutant adsorption is still
limited. Therefore, investigating the role of metals and the
origin of the synergistic effect derived from the combination of
transition metals is still necessary and will be extremely
important to orient future research toward further performance
optimization of MMOFs and derived materials. Modulating
band positions in photocatalysts, a change in the stability of
MOFs, buttresses catalytic site diversity and activity, which can
be achieved by using MMOFs. MMOFs and their derivatives,
which can be explored further in the future, can be related to
the: (i) MMOFs and their derivatives are less investigated in the
applications such as NRR, CO,RR, electrochemical sensing, and
CO, hydrogenation, (ii) improving their efficiency and stability
via various modification from functionalization (such as defect
engineering beside mixed-metal) to exchange metals in most
applications that have been investigated more, such as OER/

J. Mater. Chem. A, 2026, 14, 13238-13285 | 13277


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta06669g

Open Access Article. Published on 12 February 2026. Downloaded on 6/21/2026 1:11:14 PM.

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

(cc)

Journal of Materials Chemistry A

HER, batteries, and supercapacitors via emphasize on the role
of metal synergy, (iii) using various trend materials and their
incorporation with MMOFs such as single-atom catalysis
procedures, (iv) increase in conductivity of MMOFs and their
derivatives for better electrochemical response and signal-to-
noise ratio issues, (v) applying diverse metal-based, and
carbon-based materials such as MXene, oxides, graphene, and
others to MMOF and their derivations to form MMOF
composites and to develop in situ analysis beside engineering of
materials.
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