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Zinc—air batteries (ZABs) stand at the forefront of future energy storage technologies, lauded for their
exceptional energy density, cost-efficiency, and eco-compatibility. This review meticulously explores the
cutting-edge advancements in the engineering of Metal-Organic Framework (MOF) and MXene hybrid
materials, specifically designed to elevate the performance of ZABs. This review begins by elucidating the
fundamental architecture and operational mechanisms of ZABs, delving into the roles of critical
components such as the current collector, catalytic layer, and gas diffusion film in enhancing the
batteries electrochemical efficacy. A detailed discourse is provided on the intricacies of the
electrochemical reactions underpinning ZAB functionality, with a focus on the Oxygen Reduction
Reaction (ORR) and Oxygen Evolution Reaction (OER). The review offers an in-depth examination of
ORR mechanisms, encompassing both the four-electron and two-electron pathways, alongside
a rigorous analysis of OER mechanisms, which include the direct combination and metal-OOH
intermediate routes. The kinetic challenges inherent to these reactions are scrutinized, underscoring the
pivotal role of catalyst design in mitigating these barriers. MOF/MXene hybrids emerge as transformative
materials in this context, attributed to their synergistic structural and electronic properties. We explore
the synthesis methodologies for these hybrids, emphasizing both in situ and ex situ tactics, and evaluate
their profound impact on ORR and OER activities. The discussion extends to the performance metrics of
ZABs—such as energy efficiency, power density, and cycling durability—while highlighting the critical
influence of the electrolyte in determining overall system performance. Design considerations for
rechargeable ZABs are presented, with a particular emphasis on optimizing the air electrode and
addressing challenges related to bifunctional catalyst stability and gas diffusion layer efficiency. The
review meticulously examines the formidable challenges that ZAB technology faces, particularly the
kinetic constraints of ORR and OER, material robustness, and the complexities of system integration. In
conclusion, the review offers forward-looking perspectives on the future expansion of advanced MOF/
MXene hybrid materials and innovative design strategies for ZABs. These insights aim to push the
boundaries of performance, efficiency, and durability in ZAB technology, thereby paving the way for their
widespread commercial adoption. The summary synthesizes the critical findings and accentuates the
transformative potential of MOF/MXene hybrids in advancing ZAB technology, suggesting strategic
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1. Introduction increasing prevalence of technology in daily life.* At the same

time, the environmental consequences of traditional fossil fuel-
Sustainable development has become an imperative in today's based energy generation, such as climate change, air pollution,
world, driven by the pressing need to address the intertwined and the depletion of natural resources, have reached alarming
crises of energy scarcity and environmental degradation. The levels.> These challenges have galvanized global efforts to
modern era is characterized by an unprecedented demand for transition toward cleaner, more sustainable energy systems.

energy, fueled by rapid industrialization, urbanization, and the =~ Renewable energy sources including wind, hydropower, and
solar energy have emerged as key components of this transition.

“Department of Physics, Khalifa University of Science and Technology, Abu Dhabi, P. “Department of Condensed Matter Physics, Saveetha School of Engineering, Saveetha
O. Box 127788, United Arab Emirates. E-mail: tholkappiyan.ramachandran@ku.ac. Institute of Medical and Technical Sciences, Saveetha University, Chennai 602105,
ae; mohd.rezeq@ku.ac.ae Tamil Nadu, India

*Department of Physics, College of Science, United Arab Emirates University, P. O. System on Chip Lab, Khalifa University of Science and Technology, Abu Dhabi, P. O.
Box 15551, Al-Ain, Abu Dhabi, United Arab Emirates Box 127788, United Arab Emirates

This journal is © The Royal Society of Chemistry 2025 J. Mater. Chem. A, 2025, 13, 12855-12890 | 12855


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ta01344e&domain=pdf&date_stamp=2025-05-03
http://orcid.org/0000-0001-6729-5227
http://orcid.org/0000-0002-4637-0870
https://doi.org/10.1039/d5ta01344e
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA013018

Published on 08 1404. Downloaded on 06/11/1404 10:21:18 ..

Journal of Materials Chemistry A

They offer the promise of abundant, clean energy that can limit
our dependence on fossil fuels and alleviate the environmental
impacts of energy production.® However, the inherent vari-
ability and intermittency of these renewable energy sources
pose substantial encounters. Solar and wind energy, for
example, are highly dependent on weather atmospheric condi-
tions and geographic location, leading to fluctuations in energy
generation that can disrupt the stability of power grids and limit
their effectiveness in meeting continuous energy demands. To
overcome these challenges, the improvement of advanced
energy storage systems has become a critical area of research
and innovation. Energy storage technologies, particularly high-
performance batteries, are essential for bridging the gap
between energy production and utilization. They allow for the
collection and preservation of surplus power generated when
there is an abundance of renewable energy, which can then be
utilized when there is a shortage of production or an increase in
demand.* This capability is especially crucial for off-grid elec-
tricity usage, where consistent and reliable energy access is
paramount, and for powering electric vehicles, which are
central to the global push for sustainable transportation. The
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pursuit of novel battery systems has led to meaningful
advancements in energy storage technology.® Researchers and
engineers are exploring a wide range of battery chemistries and
configurations, each offering distinct advantages in terms of
energy density, power output, charging speed, lifecycle, and
environmental impact. Innovations in lithium-ion batteries
(LIB), solid-state batteries (SSB), flow batteries (FB), and beyond
have opened new possibilities for efficient energy storage,
enabling support of widespread adoption of renewable energy
on a global scale.® Table 1 provides the performance and cost
metrics for various battery technologies, highlighting the trade-
offs between energy densities and costs.

Rechargeable batteries have become one of the backbones of
modern energy infrastructure. Their ability to store and
discharge energy efficiently has positioned them as key enablers
of the renewable energy revolution.'” In this way, rechargeable
batteries can offset the intermittency of renewable energy
sources and ensure a more stable and reliable supply of energy,
which is one of the central requirements for continued growth
and sustainability of renewable energy systems. Further,
advancements in battery technology have the potential to lower
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the environmental footprint of energy storage, helping pave the
way toward a more sustainable and circular economy. As the
world continues to grapple with the challenges of energy secu-
rity and environmental sustainability, the role of advanced
energy storage systems, particularly rechargeable batteries, will
only become more significant. The ongoing research and
improvement in this era are not only crucial for achieving the
global energy transition but also for shaping a future where
energy is accessible, affordable, and environmentally respon-
sible. This pursuit of sustainable energy solutions is at the heart
of the global effort to build a more resilient and sustainable
world, ensuring that future generations can thrive in harmony
with the planet.*®

From this perspective, zinc-air batteries (ZABs) hold unpar-
alleled significance due to their many promising characteris-
tics, making them a highly attractive option in the landscape of
energy storage technologies.”” ZABs stand out for their envi-
ronmentally friendly nature, utilizing abundant and non-toxic
resources, which contributes to their relatively low cost and
high safety profile. With an estimated cost of around $100 per
kW per h, ZABs are both economically viable and accessible,
offering a suitable working voltage of 1.66 V that is well-suited
for practical applications.'® This voltage range is particularly
advantageous as it avoids the decomposition of water in
aqueous electrolytes, enhancing the batteries stability and
longevity. Before delving further into the potential of ZABs, it is
important to compare them with other metal-air batteries to
contextualize their role in the current energy storage scenario.
Several metals, including aluminum (Al), iron (Fe), lithium (Li),
and manganese (Mn), have been explored as candidates for
metal-air batteries, with lithium and zinc receiving the most
attention due to their favorable electrochemical properties.
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Among these, lithium-air batteries (LABs) have garnered
significant interest due to lithium high reactivity with oxygen,
which theoretically allows for a very high energy density.
However, the experimental application of LABs is severely
embarrassed by the high reactivity of lithium towards oxygen,
which can lead to safety concerns, and the necessity of using
organic electrolytes, which complicates the system and intro-
duces additional challenges, such as electrolyte decomposition
and dendrite formation.” In contrast, ZABs offer a more prac-
tical and safer alternative. The use of zinc as the anode material
in ZABs presents several advantages over lithium, including
lower reactivity, which enhances safety, and the ability to
operate in aqueous electrolytes, which simplifies the system
and reduces costs (Fig. 1). The abundant availability of zinc
further enhances the sustainability and economic feasibility of
ZABs, making them a more scalable and environmentally
benign option for large-scale energy storage. Given these
considerations, ZABs emerge as a superior choice in the realm
of metal-air batteries, particularly when safety, cost, and envi-
ronmental impact are prioritized. Their combination of high
energy density, stability, and practicality positions them as
a strong contender for meeting the growing demands of
renewable energy storage and off-grid power applications. As
research and enhancement continue to advance, ZABs are likely
to play an increasingly pivotal role in the transition concerning
a more sustainable and resilient energy future.*
Metal-organic frameworks (MOFs) represent a rapidly
emerging class of hybrid organic-inorganic porous crystalline
materials, composed of metal ions coordinated to organic
linkers. These materials have garnered huge consideration in
the scientific community because of their unique and advan-
tageous characteristics, such as well-defined crystal structures,
redox-active metal sites, exceptionally high surface areas,
tunable porosity, and customizable physicochemical charac-
teristics.”” The capacity to modify their structural and chemical
makeup has ignited extensive research interest, rendering
MOFs a highly prized category of materials for a range of uses,
especially in energy storage technologies, like ZABs. The
outstanding characteristics of MOFs, including their extensive
surface area and organized structure, provide a considerable
number of exposed catalytic sites, which improve the efficiency
of transport routes and boost electrocatalytic performance.
These attributes make MOFs particularly suitable for use in
ZABs, where efficient catalysis and effective electron transport
are crucial for high performance.*® Moreover, the electronic
structure of MOFs can be fine-tuned through the introduction
of various heteroatoms like nitrogen (N), sulfur (S), oxygen (O),
and phosphorus (P). This modification alters the adsorption
energy of reactants, optimizing the catalytic properties of MOFs
for specific electrochemical reactions. Researchers have
explored the incorporation of conductive additives into the
pores of pristine MOFs to leverage their large surface area and
porosity. This strategy aims to enhance the overall conductivity
of the MOFs, thereby improving their performance in electro-
chemical applications.> However, this approach often leads to
the partial blockage of the pores, which can impede ion trans-
port and diminish the electrochemical effectiveness of the
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Fig. 1 A comparison of gravimetric specific energy and volumetric
energy density across various battery types, along with a typical device
diagram of ZABs. Reproduced from ref. 21 with permission from
Springer Nature Ltd, copyright © 2021.

MOFs. This challenge has highlighted the need for the develop-
ment of MOFs that maintain both the integrity of the metal-ligand
coordination structure and exhibit enhanced electronic conduc-
tivity. In response to this challenge, significant progress has been
made in recognizing the fundamental charge transport mecha-
nisms within MOFs. This understanding has paved the way for the
synthesis of conductive MOFs (cMOFs), which retain the advan-
tageous properties of traditional MOFs while offering improved
electronic conductivity. The development of cMOFs represents
a crucial advancement in the field, as these materials hold the
potential to overcome the limitations of traditional MOFs and
unlock new possibilities for their application in high-performance
energy storage devices.”® By addressing the inherent challenges
associated with MOFs, researchers have demonstrated their
potential to revolutionize the landscape of energy storage tech-
nologies. The continued exploration and development of MOFs
are likely to yield materials that not only preserve the desirable
characteristics of MOFs but also offer enhanced functionality,
paving the route for more competent and sustainable energy
storage solutions in the upcoming generation.*

MXenes have emerged as a highly valuable class of 2D
materials with a wide range of applications, thanks to their
remarkable thermal and chemical stability, excellent electrical
conductivity, robust mechanical characteristics, superior
adsorption capacity, and unique topological landscapes. These
attributes have positioned MXenes at the forefront of materials
research, particularly in the context of energy storage technol-
ogies.” The standard formula of MXenes, implied as (M-
AX,T,), is versatile, varying according to the transition metal
(M), elements from group A, C/N layers (X), and surface-
terminating groups (T, such as -Cl, -F, -O, -OH, etc.), all of
which can be adjusted based on the synthesis methods
employed. This versatility in composition and structure has
opened numerous possibilities for customizing MXenes to meet
specific application needs. Concentrating on MXenes for Zn-
based energy systems is a deliberate decision based on

This journal is © The Royal Society of Chemistry 2025
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multiple convincing factors that set MXenes apart from other
substances in the realm of energy storage. One of the most
significant advantages of MXenes is their exceptional electrical
conductivity, which sets them apart from other semiconductors
that typically require doping or additional modifications to
achieve comparable conductivity levels. This inherent conduc-
tivity makes MXenes particularly well-suited for electrochemical
applications, where efficient electron transport is crucial for
performance. In addition to their electrical properties, MXenes
offer a high surface area, which provides ample space for elec-
trochemical reactions and enhances the materials overall
capacity.”® The tunable surface chemistry of MXenes is another
key feature, allowing for precise control over surface function-
alization to optimize the materials interaction with electrolytes
and other components in energy storage devices. This adapt-
ability is particularly important in Zn-based energy systems,
where surface characteristics can significantly influence the
devices efficiency, stability, and overall performance. MXenes
have demonstrated impressive electrochemical performance in
various applications, characterized by high charge-discharge
rates, excellent cycling stability, and the ability to maintain their
structural integrity over prolonged use. These substances can
also be effortlessly nano-engineered and altered to improve
their characteristics, providing a degree of adaptability essential
for progressing in the field of energy storage technologies.” The
two-dimensional nature of MXenes permits accurate manipu-
lation of both the surface properties and the structural makeup,
facilitating the creation of customized solutions designed to
fulfill energy storage needs. In summary, the distinct blend of
attributes provided by MXenes, such as their conductivity,
surface area, and adjustable chemistry, positions them as an
extremely attractive material for zinc-based energy devices and
various other energy storage purposes. As research into MXenes
continues to advance, these materials are poised to play
a pivotal role in the next generation of high-performance,
sustainable energy storage systems.*

Recently, MOF/MXene hybrid materials offer several key
advantages that enhance the overall performance of ZABs,
addressing critical challenges such as low conductivity, sluggish
reaction kinetics, and durability issues. MOFs provide a highly
tunable porosity, large surface area, and customizable chemical
composition, which facilitate the design of efficient electro-
catalysts and electrode materials. Their structural versatility
enables the incorporation of various metal ions and organic
linkers, optimizing catalytic activity and stability.** However,
pristine MOFs often suffer from limited electronic conductivity,
which can hinder their full potential in ZAB applications. This
limitation is effectively overcome by integrating MXenes—2D
transition metal carbides, nitrides, and carbonitrides—known
for their superior electrical conductivity, mechanical robust-
ness, and rapid charge transfer capabilities.> MXenes naturally
conductive nature, combined with their large surface area and
tunable surface chemistry, enhances electrochemical perfor-
mance, making them ideal for energy storage applications. By
leveraging the synergistic effects of MOFs and MXenes,
researchers have successfully engineered hybrid materials with
improved oxygen evolution reaction (OER) and oxygen

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Outline of the review on the MOFs/MXene hybrid for ZABs.

reduction reaction (ORR) kinetics, higher efficiency, and pro-
longed cycle life, paving the way for next-generation ZABs with
superior energy storage potential.

This review will delve into the potential synergies between
MOFs and MXenes when integrated into ZABs, underscoring
how their complementary properties can drive substantial
enhancements in overall battery performance. The integration
of the large surface area and catalytic activity of MOFs with the
superior conductivity and structural stability of MXenes pres-
ents an opportunity to develop hybrid materials with enhanced
catalytic efficiency, improved ion transport, and greater dura-
bility under operational conditions.*® By examining recent
research where MOF-MXene hybrids have been successfully
applied in ZABs, the review will illustrate the tangible benefits of
these innovative materials. Moreover, the review will critically
assess the current challenges associated with synthesizing and
deploying MOF-MXene hybrids in ZABs, including issues
related to material compatibility, stability, and scalability.** Key
areas for future research will be identified, such as the
improvement of novel production techniques, advanced mate-
rial characterization techniques, and in situ analysis of elec-
trochemical processes. These insights will be essential for
overcoming existing challenges and advancing the practical
application of these hybrids.*® In summary, this review will
highlight the transformative potential of MOF-MXene hybrids
to revolutionize ZAB technology, influencing the broader goal of
developing more sustainable and efficient energy storage
systems. By integrating the unique properties of MOFs and
MXenes, the review aims to provide a comprehensive overview
of how these materials can foster innovation in ZABs, offering
valuable insights for researchers, engineers, and industry
professionals in the domain of energy storage.*® Fig. 2 shows the
outline of the review on the MOFs/MXene hybrid for ZABs.

2. Configuration and mechanism in
ZABs

ZABs depend on the reaction between the zinc anode and the air
cathode during both the discharging and charging phases,

J. Mater. Chem. A, 2025, 13, 12855-12890 | 12859
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Fig. 3 A typical device diagram of ZABs. Reproduced from ref. 21 with permission from Springer Nature Ltd, copyright © 2021.

highlighting the importance of the arrangement of these
elements for the batteries overall efficiency.” Fig. 3 shows the
typical device diagram of ZABs. Usually, the anode in ZABs is
made of a gel solution mixed with granulated zinc powder or
a single zinc plate. On the other hand, the air cathode is the
most critical part of ZABs, as it employs oxygen from the
atmosphere, a renewable and active substance, for the chemical
reaction. This utilization of oxygen in the air cathode results in
a battery that is much more energy-efficient than those with
oxide cathodes found in conventional batteries.*

2.1. Configuration of ZABs

The traditional air electrode in ZABs is typically composed of
three main components arranged in a sandwich structure: the
diffusion gas layer, the current collector, and the catalyst layer.
Every part of this setup has a unique function in how the air
electrode operates:*®

(a) Charge collector:

This part is typically constructed from nickel mesh, nickel
foam, or a more affordable metal mesh that has been coated
with nickel. It acts as the route for the movement of electrons
from the outside circuit to the catalytic layer.

(b) Catalytic layer:

This component serves as the location for the Oxygen
Reduction Reaction (ORR) in the main ZABs, as well as for the
Oxygen Reduction Reaction (OER) in rechargeable ZABs. The
effectiveness of ZABs is mainly determined by the performance
of the catalytic layer, as it plays a crucial role in affecting the
electrochemical processes taking place at the air electrode.

(c) Gas diffusion layer:

The primary function of the gas diffusion layer is to ensure
the smooth passage of reaction gases to the catalytic layer while
preventing the electrolyte from flooding the gas channels. This
layer often contains polytetrafluoroethylene (PTFE) as a key
component and may be doped with other carbon materials to
enhance its performance.

12860 | J Mater. Chem. A, 2025, 13, 12855-12890

2.2. Mechanism of ZABs

ZABs operate by utilizing redox reactions involving the zinc
anode and the air cathode. In the discharge phase, oxygen
moves towards the air electrode, undergoing reduction to
hydroxyl ions (OH ™) with the aid of a working catalyst present.*®
These hydroxyl ions then migrate to the zinc anode through the
separator, where they combine with zinc ions (Zn*") to form
soluble zincate ions [Zn (OH),>"]. As the zincate ion concen-
tration increases, it eventually precipitates as zinc oxide (ZnO).
The overall reaction during discharge can be described as:

Air cathode (ORR): O, + 2H,O + 4¢~ — 40H™

Zinc anode:
Zn — Zn*t + 2e”
Zn** + 20H™ — Zn(OH),

ZH(OH)2 — ZnO + HZO

During the charging process, the reverse reactions occur.
The OER takes place at the air cathode, leading to the decom-
position of ZnO back into zinc and oxygen. The OER can be
expressed by the following equation:**

Air cathode (OER):

40H™ — 02 + 2H20 + 4e”

2.3. Performance and challenges of the air electrode

The success of ZABs largely depends on the catalysts utilized for
the air electrode. For ORR, the success is gauged with the
reduction peak potential, onset potential, half-wave potential,
and stability.*” In terms of OER, the overpotential needed to
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achieve a current density of 10 mA cm™?, along with the dura-
bility of the catalyst, are the important factors. A significant
challenge in the operation of ZABs is the different over-
potentials required for ORR and OER. The OER typically
requires a higher overpotential (around 2.0 V or more), which
can deactivate the ORR catalyst during high-voltage charging.
This creates a need for the development of bifunctional cata-
lysts that can efficiently catalyze both ORR and OER processes
within the same electrode.” The three-electrode system in some
ZAB configurations allows for the use of separate catalysts for
ORR and OER, but this increases the batteries size and weight,
reducing its overall energy density. Therefore, the focus has
shifted toward developing non-precious metal materials with
dual ORR and OER catalytic characteristics, which is crucial for
enhancing the working of rechargeable ZABs.**

2.4. Electrolyte and performance metrics

The electrolyte is essential for the functioning of ZABs. In
standard batteries, 6 M KOH is frequently utilized, whereas in
ZABs designed for recharging, zinc acetate (Zn(Ac),) is
frequently incorporated into the 6 M KOH electrolyte to boost
their efficiency. The main performance metrics for ZABs are
open-circuit voltage (OCV), charging voltage (V), discharging
voltage (Vp), peak power density (PPD), specific capacitance,
and stability. By comprehending the relationship between the
catalysts structure and its activity and by refining their design,
the efficiency of ZABs can be greatly enhanced.* In summary,
the configuration and mechanism of ZABs are intricately linked
to the design and performance of the air electrode and its
components. Advances in catalyst development and a deeper
understanding of the electrochemical processes involved are
essential for the continued improvement and commercializa-
tion of high-performance ZABs.

2.5. Design considerations

The design of ZABs must ensure efficient electron flow and ion
transport, minimal polarization losses, and stable long-term
operation. The air cathode is typically a layered structure that
includes a catalyst layer, a gas diffusion layer, and a current
collector. The gas diffusion layer ensures that oxygen from the
air is evenly distributed across the catalyst layer, where the ORR
takes place. The electrolyte must remain in contact with both
the zinc anode and the air cathode, facilitating the movement of
ions while minimizing water loss or leakage.*®

2.6. Rechargeable ZABs

For rechargeable ZABs, the mechanism becomes more complex
as the system must also support the reverse reactions during the
charging process. During charging, the zinc is re-deposited on
the anode, and oxygen has evolved at the cathode. This revers-
ibility poses challenges related to the steadiness of the raw
materials, especially the air cathode, which must endure
repeated cycles of oxygen reduction and evolution. In conclu-
sion, the design and functioning of ZABs concentrate on effi-
ciently converting chemical energy into electrical energy
through the process of oxidation of zinc and reduction of
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oxygen. The configuration of the anode, cathode, and electrolyte
is essential for the batteries performance, with research efforts
focused on enhancing these components for better efficiency,
longevity, and the capacity for recharging.*’

3. Oxygen reduction reaction (ORR)
in rechargeable ZABs

ORR is a crucial electrochemical process in ZABs, as it is the key
reaction responsible for converting oxygen into electrical
energy. The ORR mechanism in ZABs is complex due to its
multi-electron transfer process, typically encompassing either
a 4-electron or 2-electron reaction pathway. The 4-electron
pathway is generally associated with the most efficient precious
metal catalysts and is the preferred mechanism owing to its
higher energy conversion efficiency.*

3.1. ORR mechanism in ZABs

Four-electron reaction mechanism. In the four-electron ORR
mechanism, oxygen (O,) is reduced directly to water (H,O) in
acidic electrolytes or hydroxide ions (OH™) in alkaline electro-
Iytes. The reactions can be summarized as:

e Acidic electrolyte: O, + 4H' + 4¢~ — 2H,0

e Alkaline electrolyte: O, + 2H,0 + 4~ — 40H™

This pathway is favored for its ability to produce water
directly, leading to more efficient energy conversion and fewer
side reactions.

Two-electron reaction mechanism. The two-electron ORR
mechanism involves the partial reduction of oxygen to hydrogen
peroxide (H,0,) in acidic conditions or the hydroperoxide ion
(HO,") in alkaline conditions, followed by further reduction:

e Acidic electrolyte (step 1): O, + 2H" + 2e~ — H,0,

e Acidic electrolyte (step 2): HyO, + 2H" + 2e~ — 2H,0

e Alkaline electrolyte (step 1): O, + 2H,O + 2¢e” — HO, +
OH

e Alkaline electrolyte (step 2): HO,~ + H,O + 2e~ — 30H™

This mechanism is less efficient than the four-electron
pathway and can result in the accumulation of reactive
peroxide species, which may degrade the batteries performance
over time.

4. Oxygen evolution reaction (OER) in
rechargeable ZABs

In rechargeable ZABs, the oxygen electrocatalyst plays a dual
role by facilitating the reverse reaction of ORR during charging,
known as the Oxygen Evolution Reaction (OER). The OER is
essential for regenerating the zinc anode by evolving oxygen at
the air cathode. Like the ORR, the OER also involves a multi-
electron transfer process, typically following a four-electron
mechanism.* However, the OER is inherently slower and
requires a higher overpotential, which can lead to significant
energy losses.

The two primary views on the OER mechanism in ZABs are:

e Direct combination mechanism:
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This mechanism involves the direct sequence of two metal-
oxygen (M-0O) bonds to form oxygen gas (O,).

e M-OOH intermediate mechanism:

In this pathway, an M-OOH intermediate is first formed,
which then decomposes to release O,. Here, “M” refers to the
active site on the catalyst surface.

4.1. Kinetics and challenges

The OER kinetics in ZABs are much slower compared to the
ORR, often requiring a charging voltage of around 2.0 V or
higher, while the discharge process typically has an open-circuit
voltage of about 1.2 V. The high overpotential during charging
can lead to the rust of the air electrode and oxidation of the
electrocatalyst, which are significant challenges in the design of
rechargeable ZABs.*

4.2. Catalyst design for rechargeable ZABs

Given the complexity of both ORR and OER, the design of
electrocatalysts in rechargeable ZABs is critical. Traditional
approaches involve using separate catalysts for ORR and OER,
leading to a three-electrode system. However, this configuration
increases the batteries volume and weight, reducing its overall
energy density. As a result, there is a growing emphasis on
developing bifunctional catalysts that can efficiently catalyze
both ORR and OER within a two-electrode system. This
approach not only simplifies the battery design but also
enhances its energy efficiency and stability. In summary, the
ORR and OER are fundamental to the operation of ZABs, with
the ORR driving the discharge procedure and the OER facili-
tating recharging.®* The complexity of these reactions, particu-
larly the multi-electron transfer processes, underscores the
need for advanced catalyst development to enhance the
performance and longevity of ZABs.

5. Formulation of MOF/MXene hybrid
5.1. In situ preparation of MOF/MXene hybrids

The process of creating MOF/MXene hybrid materials involves
combining the distinct characteristics of metal-organic frame-
works (MOFs) and MXenes to form sophisticated composite
materials with improved capabilities.”® This method seeks to
merge MOFs, recognized for their extensive surface areas,
adjustable pore structures, and varied functionalities, with
MXenes, which provide greater electrical conductivity, expan-
sive surface areas, and affinity for water. Through this combi-
nation, the resulting hybrids display cooperative effects that
enhance their performance in various fields, including catal-
ysis, energy storage, and sensing.>

Various approaches are used to create MOF/MXene hybrids
on-site, such as ultrasonication, hydrothermal, mixing, and
solvothermal methods. Pan Tian et al.>* reported an innovative
approach for synthesizing Ti;C,T, MXene-based composites.
Initially, Ti;C,T, MXenes were annealed in a nitrogen atmo-
sphere to convert them into TiO, layers, a process resulting in
the material implied as TCA. Admiring this, UiO-66-NH,, a type
of metal-organic framework (MOF), was coated onto the
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surfaces of the annealed Ti;C,T, via electrostatic adsorption.
This coating was achieved through a one-step hydrothermal
technique, as illustrated in Fig. 4. The resulting composite
material, combining TiO, with UiO-66-NH,, benefits from the
enhanced properties of both components, potentially leading to
improved performance in various applications.

You Wu et al.*>® reported the successful synthesis of Ti;C,-
modulated MIL-125-NH,-based nanohybrids featuring dual
heterojunctions—both type-II heterojunctions and Schottky
junctions—using a one-step solvothermal strategy. The process
involves the straightforward preparation of these MOF-based
nanohybrids, which vary in constituent and morphology. This
is depicted in Fig. 5, demonstrating the efficiency and versatility
of the one-step solvothermal method in producing complex
hybrid structures with enhanced properties.

Hossein Shahriyari Far et al.>® reported the construction of
a heterogeneous MXOF by heterojunctioning zeolite imidazole
framework-8 (ZIF-8) with titanium carbide (Ti;C,T,) MXene
nanosheets. This was achieved through the in situ synthesis of
the MOF in the existence of MXene nanosheets. The resulting
MXOF structure exhibited a tunable bandgap energy, which
contributed to its enhanced photocatalytic activity. The synergy
between ZIF-8 and Ti;C,T, MXene not only improved the
materials photocatalytic performance but also offered the
potential for fine-tuning its electronic properties for various
applications.

Renhao Li and colleagues® developed a novel approach for
synthesizing MOF-801@MXene materials at room temperature,
which were subsequently utilized to create laminar membranes
designed for efficient H,/CO, separation as shown in Fig. 6. In
their approach was based on the MXenenanosheets, which,
being negatively charged, would retain the Zr** ions from the
solution through electrostatic interactions. These Zr*" ions
would then coordinate with the organic ligands to give the MOF-
801 crystals, which were finally dispersed uniformly over the
surface of the MXene nanosheets. This careful and uniform
deposition of MOF-801 crystals ensures that the hybrid material
exhibits a well-structured and highly porous architecture. The
creation method takes advantage of the distinct characteristics
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Fig. 4 Schematic of the reaction route for forming TizC,/TiO,/UiO-

66-NH,.>* Reproduced from ref. 54 with permission from Elsevier Ltd,
copyright © 2019.
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of MOF-801 and MXene, merging the network of tetrahedral
and octahedral cages from the former with the superior
conductivity and structural strength of the latter. MOF-801
substance has a framework of porous cages linked by trian-
gular openings, acting as access points for molecular filtering.
This interconnected cage structure is ideal for selective gas
separation, as it allows for the efficient passage of smaller
hydrogen molecules while restricting larger carbon dioxide
molecules. To assemble the final laminar membranes, the
MOF-801@MXene nanosheets were stacked together using
vacuum filtration. This stacking process not only creates
a dense and uniform membrane but also enhances the struc-
tural integrity and stability of the material under operational

MXene

MOF-801@MXene

ZrOCl,-8H,0

conditions.*® The integration of MOF-801 crystals within the
MXene framework significantly expands the nanochannels
within the membrane, providing additional pathways for
molecular sieving. As a result, the membrane demonstrates
superior performance in H,/CO, separation, characterized by
increased hydrogen permeance and improved selectivity for
hydrogen over carbon dioxide. This innovative synthesis
strategy showcases the potential of combining MOF and MXene
materials to create advanced membranes for gas separation
applications.* The intercalation of MOF-801 within the MXene
framework effectively optimizes the membranes nano-
architecture, leading to enhanced separation efficiency and
broader applicability in industrial gas processing.

Precursor on MXene

Fig. 6 Diagram of room-temperature in situ synthesis of MXene@MOF-801 nanosheets. Reproduced from ref. 57 with permission from Elsevier

Ltd, copyright © 2022.
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In conclusion, the in situ preparation of MOF/MXene hybrids
offers a highly effective strategy for developing advanced
composite materials with enhanced functionalities. By inte-
grating the high surface area, tunable porosity, and structural
versatility of MOFs with the excellent electrical conductivity and
mechanical strength of MXenes, these hybrids exhibit signifi-
cant improvements in performance across various applications.
Different synthesis techniques, such as hydrothermal, sol-
vothermal, ultrasonication, and electrostatic adsorption, have
been successfully employed to achieve well-structured MOF/
MXene composites with tailored properties. However, chal-
lenges such as optimizing synthesis conditions, ensuring
structural stability, and achieving scalable production remain
key areas for future research. The promising outcomes of these
studies pave the way for further advancements in MOF/MXene
hybrid materials, opening new opportunities for their applica-
tion in next-generation energy and environmental technologies.

5.2. Ex situ synthesis of MOF/MXene hybrids

The ex situ manufacturer of MOF/MXene hybrids combines the
unique properties of both materials, making them highly
effective for diverse applications such as energy storage, catal-
ysis, and sensing. Ex situ synthesis refers to the process where
the MOF and MXene components are synthesized separately
before being combined.®® This approach allows for better
control over the properties of each material and enables the
fine-tuning of the final hybrid structure. One of the key contests
in the ex situ synthesis of MOF/MXene hybrids is ensuring the
stability of the hybrid structure under operational conditions,
especially in harsh environments where the materials might be
exposed to extreme temperatures, pressures, or chemical
interactions.®* Additionally, scalability remains a significant
hurdle, as scaling up the ex situ synthesis process to industrial
levels while maintaining uniformity and consistent perfor-
mance across large batches is difficult. These challenges must
be focused to fully realize the potential of MOF/MXene hybrids
in practical applications.®

The direct mixing method involves combining pre-
synthesized MXene and MOF in a solution to create the MOF/
MXene composite. In this process, the prepared MXene nano-
sheets and MOF particles are mixed directly in a solvent, typi-
cally under stirring or sonication, to promote uniform
distribution and interaction between the two components.*
This straightforward approach allows for the integration of
MXene and MOF, forming a composite material where the MOF
is attached or anchored onto the MXene surface. The resulting
MOF/MXene composite benefits from the synergistic properties
of both materials, offering potential advantages for several
applications such as catalysis, energy storage, and sensing.**
Yue Chen et al.®® reported the composite material made from
a three-dimensional straw-sheaf-like Ce-MOF (cerium-based
metal-organic framework) and Ti;C,T, MXene nanosheets as
shown in Fig. 7. The integration of Ce-MOF with Ti;C,T, MXene
offers significant advantages. The Ce-MOF provides a highly
porous structure that enhances the surface area available for
interaction with r-Trp, while the Ti;C,T, MXene nanosheets
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contribute to increased electrical conductivity. This combina-
tion not only improves the overall conductivity of the MOF but
also blocks the Ti;C,T, MXene nanosheets from stacking, which
can hinder their electrochemical performance. The resulting
Ce-MOF/Ti;C,T, MXene composite demonstrates excellent
sensitivity and selectivity as an electrochemical sensor, making
it a promising tool for the precise detection of r-tryptophan in
various advanced electrochemical applications.

Dan Cheng and coworkers® developed a novel electro-
chemical sensor for the detection of hydrogen peroxide (H,0,)
by combining a three-dimensional flower-like copper-metal-
organic framework (Cu-MOF) with very thin MXene nanosheets.
The Cu-MOF was synthesized in a simple one-step procedure
using copper nitrate and 2-aminoterephthalic acid as starting
materials. The Cu-MOF exhibits numerous active sites and large
surface areas, which is well suited for applications in electro-
chemical processes. The integration with MXene nanosheets
further enhances the sensors performance by providing high
conductivity and stability. This composite material, as depicted
in Fig. 8, offers an indicating attempt for the subtle and efficient
detection of H,0,, demonstrating the synergy between Cu-MOF
and MXene in electrochemical sensing.

The self-assembly synthesis of MOF@MXene composites
involves the spontaneous organization of pre-synthesized MOF
and MXene components into well-ordered structures. This
process is guided by several types of noncovalent forces that
encompass m- stacking, electrostatic attraction, and H
bonding. It facilitates aligned insertion and assembly of MOF
and MXene into a composite bearing highly ordered architec-
tures. In this method, the individual MOF and MXene compo-
nents are typically dispersed in a solution where they naturally
interact and self-organize owing to their complementary
chemical and physical properties.®” The self-assembly process
does not require external templating agents or complex proce-
dures, relying instead on the inherent tendencies of the mate-
rials to associate and form stable composites. The resulting
MOF@MXene composite exhibits a synergistic combination of
the characteristics of both materials, such as the large surface
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Fig. 7 Schematic illustrating the fast production method for a three-
dimensional Ce-MOF/TizC,T, MXene blend aimed at achieving
superior electrochemical sensing of L-tryptophan. Reproduced from
ref. 65 with permission from Elsevier Ltd, copyright © 2022.
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detection. Reproduced from ref. 66 with permission from Wiley, copyright © 2021.

area and tunable porosity of MOFs and the excellent electrical
conductivity and mechanical strength of MXenes.*® This makes
the self-assembled MOF@MXene composites highly suggesting
for applications in energy storage, catalysis, sensing, and other
advanced technologies. Yitong Sun et al.*® developed a Co-ZIF-9/
Ti;C, composite using a straightforward electrostatic self-
assembly strategy as shown in Fig. 9. This method facilitates
the integration of Co-ZIF-9 with Ti;C,, leveraging the unique
characteristics of both materials. The Co-ZIF-9 component,
known for its robust catalytic activity and large surface area, is
combined with Ti;C,, which provides enhanced electrical
conductivity and structural stability. This composite is designed
to optimize performance in various electrochemical applica-
tions, showcasing the effectiveness of the self-assembly
approach in creating high-performance materials.”

The electrochemical preparation technique for synthesizing
MOF@MXene composites involves using electrochemical
methods to integrate MOF and MXene materials into
a composite structure. The process begins with the preparation
of an electrolyte solution containing metal salts, organic ligands

electrochemical cell setup, a working electrode coated with
MZXene, a counter electrode, and a reference electrode are used.
Electrochemical deposition techniques, such as constant
current or potential electrolysis, facilitate the formation of MOF
on the MXene-coated electrode.”* During this process, metal
ions from the electrolyte are reduced, and organic ligands
coordinate to form the MOF structure directly on or interact
with the MXene surface, creating the MOF@MXene composite.
Post-treatment steps, including washing, drying, and anneal-
ing, are employed to remove residual impurities and enhance
the structural stability of the composite. This method offers
precise control over deposition and uniformity, making it
scalable and effective for producing high-quality composites
with enhanced properties for applications in energy storage,
catalysis, and sensing.”

Jiaheng Wang et al.”® reported the development of hexagonal
M-NC@NCM/NF nanosheets that are notable for their binder-
free and conductive-agent-free design. This material was
synthesized using a multi-step approach. Initially, nickel cobalt
manganese oxide (NCM) was directly grown onto nickel foam

for MOF synthesis, and MXene dispersions. In an (NF)via a solution-based method. Fig. 10 shows the schematic
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Fig. 9 Preparation process of Co-ZIF-9/TizC, composites. Reproduced from ref. 69 with permission from Wiley, copyright © 2022.
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of the fabrication process for the M-NC@NCMY/NF electrode. In
the subsequent step, MXenes interlayer functional groups were
employed to adsorb nickel (Ni**) and cobalt (Co>") ions. A mixed
solution containing MXene, Ni**, and Co®" was then used as the
electrolyte for electrodeposition onto the pre-formed NCM/NF
substrate. The resulting M-NC@NCM/NF structure benefits
from several key features. The incorporation of MXene
enhances electron and ion transmission rates owing to its high
conductivity and layered structure. Moreover, the process
facilitates the exposure of numerous active sites, which
increases the materials electrochemical performance.” The
design also prevents agglomeration of the nanosheets, thereby
significantly extending the materials cycle life. The NC@NCM/
NF material demonstrates exceptional electrochemical perfor-
mance. It achieves improvements in specific capacitance, elec-
trical conductivity, and cycling stability compared to traditional
materials. This advanced performance underscores the efficacy
of using MXene in combination with NCM to create high-
performance energy storage materials.”

Weiwei Zhao et al.’® developed an innovative interlayer
hydrogen-bonded hybrid film combining MXene and MPFs
(metal-organic framework porphyrins). The film was fabricated
through a vacuume-assisted filtration process, incorporating
two-dimensional (2D) ultrathin MXene nanosheets and Cu-
TCPP (5,10,15,20-tetrakis(4-carboxy-phenyl)porphyrin) nano-
sheets. This method involved dispersing both MXene and Cu-
TCPP in a solution and then using vacuum filtration to create
a well-structured hybrid film (Fig. 11). In this hybrid system,
MXenes surface termination, including -F, -OH, and -O, form
hydrogen bonds with the carboxyl groups (-COOH) of the Cu-
TCPP nanosheets. This interaction results in a stable and
cohesive network where MXene and MPFs are interlinked
through hydrogen bonds, forming a three-dimensional inter-
connected structure. This network, characterized by its porous
architecture, promotes efficient ionic and electronic transport
by providing a continuous and conductive pathway.” The
presence of hydrogen bonds within the MXene/MPFs hybrid
film plays a crucial role in addressing challenges related to
volume changes that predictably occur during rapid charge and
discharge cycles. Such volume fluctuations often lead to phase
separation and structural collapse in conventional materials.
The robust hydrogen bonding in this hybrid film alleviates
these issues, thereby enhancing its rate capability and cycla-
bility. Additionally, hybrid film maintains its structural integrity
under mechanical stresses such as bending and folding,
ensuring long-term stability and performance. This approach
not only improves the efficacy of the material in energy storage
applications but also extends its operational lifespan, high-
lighting the potential of such hybrid materials in advanced
electrochemical technologies.”

In conclusion of this section, the ex situ synthesis of MOF/
MXene hybrids offers a versatile and effective approach for
developing high-performance materials for various applica-
tions, including energy storage, catalysis, and sensing. This
method allows for precise control over the individual properties
of MOFs and MXenes before integration, resulting in compos-
ites with enhanced structural stability, electrical conductivity,
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and functional performance. However, challenges such as
ensuring structural stability under operational conditions and
scaling up the synthesis process remain key obstacles that must
be addressed. Several synthesis strategies have demonstrated
promising results in creating well-structured MOF/MXene
composites with improved electrochemical properties.

6. MOFs/MXene hybrid materials for
oxygen reduction reactions in ZABs
application

Zhongwei Fang et al.”” reported an innovative electrocatalyst for
the ORR, composed of CoZn/NC-Ti;C,, prepared via a one-step
pyrolysis of zeolitic imidazolate frameworks (ZIF)-67/ZIF-8 on
the Ti;C, surface. This innovative CoZn/NC-Ti;C, catalyst
reveals impressive ORR behavior with 0.847 V as the half-wave
potential, indicating its substantial catalytic activity. Addition-
ally, the fuel cell incorporating this catalyst achieved a peak
power density of 245 mW cm 2, showcasing its effectiveness in
practical applications. The stability of the CoZn/NC-Tiz;C,
catalyst is another key highlight of this study. After 30000
seconds of continuous testing, the catalyst demonstrated only
a 4.83% decrease in relative current, underscoring its durability
and long-term performance reliability. This research introduces
a major breakthrough in creating highly effective and stable
catalysts made from non-precious metals for anion exchange
membrane fuel cells (AEMFCs), providing a hopeful substitute
for catalysts made from precious metals.** The study includes
several critical experimental results to substantiate these find-
ings. Fig. 12 presents: (a) voltage versus time (V/T) plots for
CoZn/NC-TizC,, CoZn/NC, Co/NC-Ti, Zn/NC-Ti, and Pt/C
catalysts in an oxygen-rich solution of 0.1 M KOH, showing
the relative ORR efficiencies. (b) Voltage versus frequency (V/F)
plots for the same catalysts in the same solution, revealing
information about their charge transfer resistances and cata-
Iytic effectiveness. (c) Voltage versus time (V/T) plots for CoZn/
NC-Ti;C, (red) and Pt/C (black) catalysts in the same solution,
emphasizing their stability and performance over time. (d)
Voltage versus frequency (V/F) plots for CoZn/NC-Ti;C, catalysts
employed in H,/O, fuel cells at 60 °C, demonstrating the real-
world performance characteristics of the catalyst in fuel cell
systems.®* All the above results together show the potential of
this CoZn/NC-Ti;C, catalyst as a highly active and stable non-
precious metal alternative to enhance the performance of
anion exchange membrane fuel cells, hence making it of great
significance in the energy storage and conversion areas.*
Recently, Wen-Tao Wang et al.* introduced a new non-noble
metal catalyst, Fe-N-C@Ti;C,T,, as a substitute for Pt-based
ORR catalysts with high efficiency. The catalyst synthesis is
developed using a novel, separated pyrolysis strategy, as
explained by the synthesis flow chart. First, carbonization of Fe-
doped Zeolitic Imidazolate Framework-8 (ZIF-8) transforms into
Fe-N-C. Fig. 13: flow chart of the synthesis process of Fe-N-
C@Ti;C,T,, highlighting the sequential steps from Fe-doped
ZIF-8 to the final composite. This Fe-N-C material is then
mixed with few-layered Ti;C,T, and subjected to a subsequent

J. Mater. Chem. A, 2025, 13, 12855-12890 | 12867


https://doi.org/10.1039/d5ta01344e

Published on 08 1404. Downloaded on 06/11/1404 10:21:18 ..

Journal of Materials Chemistry A

(@)
& o] —CoznNc-Ti
£ ZnINC-Ti
< —CoINC-Ti
g -2 —PtC /
; —CozZnINC /
G -4J
g 41
©
]
5 : . .
© 0.2 0.4 0.6 0.8 1.0
Potential (V vs.RHE)
(c)
114 |
3 95.17%
T 95
o b\
5 :
3 76 79.79%
(]
2 — CoZnINC-Ti
5 574 — PHC
4
38 L . . .
7000 14000 21000 28000
Time (s)

View Article Online

Perspective

(b) 400
o CoZn/NC-Ti
m o CoZn/NC
300 L] o COINC-Ti
2 o ZnINC-Ti
~ 200 299%0 o PtIC
N oy .
) 00 9
100 °::,” e % %
[ % % e
a N
0 .

Z|W
(d) ‘o .

9 ° gz(Z:nINC-Tl - 2 | 240 NE
= * o’ ;
> o°°
< 081 9 o N
s %ag, g% 0 160
-

c 99 99, 2
2 06 9 9% @
(S o’ 2.0 2%, g
o #? %0 00, 80 3
04] o %a. %, 8
¥ ° " 3
‘ : o

0 200 400 600

Current density / mA cm?

Fig. 12 (a) LSV curves of CoZn/NC-TizC,, CoZn/NC, Co/NC-Ti, Zn/NC-Ti, and Pt/C in O,-saturated 0.1 M KOH, benchmarking ORR activities.
(b) EIS curves of these catalysts in O,-saturated 0.1 M KOH, revealing charge transfer resistances and catalytic efficiencies. (c) Current—time
responses of CoZn/NC-TizC; (red) and Pt/C (black) in O,-saturated 0.1 M KOH, comparing stability over time. (d) Polarization and power density
curves of CoZn/NC-TizC, in H,/O, fuel cells at 60 °C, demonstrating practical performance. Reproduced from ref. 79 with permission from

Wiley, copyright © 2022.

pyrolysis, resulting in the creation of Fe-N-C@TizC,Ty
composites. This method is advantageous as it maintains the
high carbonization temperatures needed for Fe-N-C, ensuring
its large catalytic activity, while simultaneously protecting the
Ti;C,T, from potential damage that could arise from such high
temperatures.®** The Fe-N-C@Ti;C,T, catalyst exhibits remark-
able ORR performance and stability across different conditions.
In basic solutions, it exhibits a potential difference of 0.887 V
when assessed to the reversible hydrogen electrode (RHE) and
a maximum rate of diffusion of 6.3 mA cm™ 2. Remarkably, it
continues to function effectively without any decrease in

Fe-doped
ZIF-8

-, ™
—_—

S

Ti,AIC, Ti,C, T,

1100°C
—

ultrasonic

performance after undergoing 10 000 cycles in a solution of
0.1 M KOH. In acidic conditions, the catalyst demonstrates
a potential difference of 0.777 V when compared to RHE and
a maximum rate of diffusion of 5.7 mA cm™>, experiencing only
a minor decrease of 11 mV after 10 000 cycles in a solution of
0.1 M HCIO,. The remarkable and exceptional efficiency
exhibited by the Fe-N-C@Ti;C,T, catalyst can be attributed to
the strong and robust interaction that takes place between the
Fe-N-C component and the MXene components. This strong
interaction is of paramount importance in enhancing the
overall efficiency of the catalyst by effectively reducing both the

Fe-N-C
N,
350°C "
— ot
N o o i
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few-layered
Ti,C, T,

Fig. 13 Synthesis process flow chart for Fe—N-C@MXene. Reproduced from ref. 83 with permission from Royal Society of Chemistry, copyright

© 2021
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intrinsic impedances and the charge transfer impedances,
while simultaneously increasing the electrochemically active
surface area available for reactions. The breakthrough, pre-
sented here in this piece of research, is a major, noteworthy
stride toward improving the nature of non-noble metal-based
catalysts. That it does indeed not merely open a promising
but perfectly viable alternative to precious metal platinum for
fuel cells and metal-air battery applications in particular is
certain.®* The crucial findings along with the performance
metrics pertaining to the Fe-N-C@Ti;C,T, catalyst are
comprehensively illustrated across multiple figures. Specifi-
cally, in Fig. 14, one can observe a thorough performance
analysis conducted in a solution of 0.1 M KOH. This figure
includes: (a) linear sweep voltammetry (LSV) curves that present

This journal is © The Royal Society of Chemistry 2025

a comparison between MXene, Fe-N-C, Fe-N-C@Ti;C,T,, and
Pt/C, thereby showcasing the activity related to the oxygen
reduction reaction (ORR). Additionally, (b) Tafel curves for Fe-
N-C, Fe-N-C@Ti;C,T,, and Pt/C are provided, which offer
valuable insights into the kinetics associated with the ORR. (c)
The electron transfer number and yield of HO, ™ for the mate-
rials Fe-N-C and Fe-N-C@Ti;C,T, have been studied, which
would be useful to understand their reaction mechanisms. (d)
EIS curves have been obtained along with the simulated circuit
diagram, which helps to illustrate and explain the charge
transfer properties of these materials.®® (e) Current-potential
plots against the scan rate for both Fe-N-C and Fe-N-
C@Ti;C,T, have been analyzed, which shows their electro-
chemical activity and stability in different conditions. (f)
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Detailed comparison of electrochemical stability properties
among three catalysts, namely, Fe-N-C, Fe-N-C@Ti;C,T,, and
Pt/C. The noteworthy durability and performance of these
catalysts have been highlighted through an extended testing
time. These findings not only provide insight into the superior
performance of Fe-N-C@Ti;C,T, as a high-performance cata-
lyst for ORR but also open the doors for developing a new
pathway for further increasing the efficiency and stability of
non-noble metal catalysts that are very important for many
applications in energy technology.®

In 2024, Milan Babu Poudel et al.®® introduced an innovative
dual-functioning electrocatalyst designed for flexible ZABs,
showcasing a unique combination of carbon nanotubes and
nickel-iron (NiFe) interfacial alloy nanoparticles decorated
inside a pyridinic-N enriched C-matrix. The catalyst, referred to
as NiFe-N-CNT-KCC, is fabricated utilizing a one-step pyrolysis
process applied to zeolitic imidazolate frameworks (ZIFs)—
specifically ZIF-67 and ZIF-8—deposited on knitted carbon fiber
cloth (KCC). Fig. 15: details the preparation process for the
NiFe-N-CNT-KCC electrocatalysts, outlining steps implicated
in the manufacture and formation of the final electrocatalyst
structure. This approach results in the formation of NiFe
nanoparticles that are then encased in carbon nanotube (CNT)
tentacles, a structure that is achieved through the catalytic

12870 | J Mater. Chem. A, 2025, 13, 12855-12890

release of NiFe nanoparticles from the NiFe-metal-organic
frameworks (MOFs) during pyrolysis in an inert atmosphere.
The NiFe-N-CNT-KCC catalysts are characterized by their
dominant presence of pyridinic-N, as exposed by X-ray photo-
electron spectroscopy (XPS) and X-ray absorption spectroscopy
(XAS). This pyridinic-N plays a crucial role by minimizing elec-
tron localization around the NiFe centers and enhancing their
interaction with oxygenated species, thereby improving the
electrocatalytic performance.® As a result, the NiFe-N-CNT-
KCC catalysts exhibit exceptional properties with 173 mV as the
lowest overpotential (n;,) for the OER and E,/, of 0.87 V for the
ORR. These performance metrics are higher than those of many
conventional electrocatalysts, indicating the effectiveness of
NiFe-N-CNT-KCC in catalyzing these critical reactions. It
demonstrated outstanding electrochemical characteristics
when employed in ZAB as an air cathode. It achieved an OCV of
1.55 V, a supreme power density of 153 mW cm >, and an
impressive specific capacitance of 793.2 mAh g .
Additionally, it demonstrated excellent long-term stability,
showcasing its reliability and durability in practical applica-
tions. A particularly noteworthy aspect of this study is the
development of a solid-state flexible ZAB using NiFe-N-CNT-
KCC electrode. This battery not only demonstrated exceptional
rate performance but also maintained remarkable mechanical

This journal is © The Royal Society of Chemistry 2025
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Fig. 16 (A) Typical illustration of aqueous ZAB with NiFe—N-CNT-KCC. (B) Comparison of OCV for NiFe—N-CNT-KCC against standard Pt/C
and IrO; catalysts. (C) Capacity curve comparing NiFe—N-CNT-KCC with standard catalyst. (D) Discharge profiles and power density curves for
the constructed ZABs, highlighting their operational efficiency. (E) Prolonged stability of the constructed aqueous ZAB, demonstrating its long-
term performance stability. (F) Correlation measurements of NiFe—N-CNT-KCC with previously studied catalysts. (G) Typical sketch of the solid
and flexible ZAB using NiFe—N-CNT-KCC catalyst, showing its design and structural features. (H) OCV for the NiFe—N-CNT-KCC in flexible
ZAB:s. (1) Flexible ZABs Discharge and power density plateau, indicating its performance under flexible conditions. (J) Specific capacity curve of
flexible ZAB. (K) Long-term stability of solid-state ZAB using NiFe—N-CNT-KCC, reflecting its endurance under various operating conditions.
Reproduced from ref. 88 with permission from Royal Society of Chemistry, copyright © 2024.

stability under various twisting and bending situations. Such applications, where both high power and large energy density
flexibility and durability are crucial for the practical imple- are essential.”® The study is illustrated with several figures that
mentation of Dbatteries in next-generation wearable provide comprehensive insights into the performance and
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characteristics of NiFe-N-CNT-KCC catalyst: Fig. 16: displays
key performance metrics of the Zn-air battery: (A) typical illus-
tration of aqueous ZAB with NiFe-N-CNT-KCC. (B) Comparison
of OCV for NiFe-N-CNT-KCC against standard Pt/C and IrO,
catalysts. (C) Capacity curve comparing NiFe-N-CNT-KCC with
standard catalyst. (D) Discharge profiles and power density
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curves for the constructed ZABs, highlighting their operational
efficiency. (E) Prolonged stability of the constructed aqueous
ZAB, demonstrating its long-term performance stability. (F)
Correlation measurements of NiFe-N-CNT-KCC with previ-
ously studied catalysts. (G) Typical sketch of the solid and
flexible ZAB using NiFe-N-CNT-KCC -catalyst, showing its
design and structural features. (H) OCV for the NiFe-N-CNT-
KCC in flexible ZABs. (I) Flexible ZABs discharge and power
density plateau, indicating its performance under flexible
conditions. (J) Specific capacity curve of flexible ZAB. (K) Long-
term stability of solid-state ZAB using NiFe-N-CNT-KCC,
reflecting its endurance under various operating conditions.
These comprehensive findings underscore the significant
potential of NiFe-N-CNT-KCC catalysts for advancing perfor-
mance and practical application of ZAB, particularly in flexible
and high-energy-density settings.

Jianian Chen et al.’* reported a novel MOF-involved method
for fabricating cobalt-tipped carbon nanotube/Ti;C, nanosheet
composites (Co-CNT/Ti;C,). This method is based on the in situ
growth of ZIF-67 particles on TizC, nanosheets, which are
converted into Co-tipped CNTs by pyrolysis. Fig. 17 shows
a typical schematic diagram of fabrication process of the
composite Co-CNT/Ti;C,. This nanosheet will serve a twofold
role in the fabrication: help act as a 2D conductive scaffold for
the formation of Co-CNTs and assist in balancing the exchange
between the graphitization of the carbon and the surface area of
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(a) Load-deformation curves for Co—CNT/TizC,, Pt/C, ZIF-800, and TizC,. (b) Yield of H,O, and electron transfer values for Co—CNT/

TizC,-60 and Pt/C. (c) Resistance to methanol crossover for Co-CNT/TizC, and Pt/C. (d) Time-dependent current (chronoamperometry) curves
for Co—CNT/TizC,-60. Reproduced from ref. 91 with permission from Royal Society of Chemistry, copyright © 2024.
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the material. The resulting Co-CNT/Ti;C, composite thus shows
several distinct features, including abundant Co-N/C active sites,
high carbon graphitization, and proper surface areas. These
features collectively contribute to the materials excellent electro-
catalytic performance, particularly in oxygen reduction reactions
(ORR). The enhanced Co-CNT/Ti;C, material demonstrated ORR
activity with a half-wave potential of 0.82 V and a diffusion-limited
current density of 5.55 mA cm . This performance is comparable
to that of commercially available Pt/C catalysts, which also exhibit
a half-wave potential of 0.82 V and a diffusion-limited current
density of 5.30 mA cm ™. However, the Co-CNT/Ti;C, material is
distinguished by its superior stability, surpassing Pt/C in long-term
performance metrics. This advancement presents a significant
opportunity for the use of Co-CNT/Ti;C, composites in renewable
energy conversion and storage applications.” The study included
several key experimental results to support these findings. Fig. 18
further illustrates the performance comparisons: (a) voltage vs.
time graphs for linear sweep voltammetry (LSV) experiments
comparing Co-CNT/Ti;C, with platinum/carbon, ZIF-800, and
Ti;C,; (b) information on the amount of water produced and the
rate of electron transfer for Co-CNT/Ti;C,-60 and platinum/
carbon; (c) an examination of the resistance to methanol conver-
sion; and (d) time-dependent voltage curves showing the endur-
ance of Co-CNT/TizC,-60 in comparison to platinum/carbon.
These findings underscore the possibility of Co-CNT/Ti;C,
mixtures as reliable and long-lasting substitutes for conventional
platinum/carbon catalysts, especially in situations where pro-
longed stability and superior performance are essential.”®

The development of MOF/MXene hybrid materials has
demonstrated significant potential in advancing ORR for ZAB
applications. The integration of MOFs with MXenes results in
hybrid materials that exhibit enhanced catalytic activity,
improved stability, and superior electrochemical properties.
Various synthesis strategies, including pyrolysis, electrostatic
adsorption, and solvothermal methods, have been employed to
tailor these hybrids for optimal performance. Key advancements,
such as the CoZn/NC-Ti;C,T,, Fe-N-C@Ti;C,T,, and NiFe-N-
CNT-KCC catalysts, highlight the effectiveness of these materials
in achieving high ORR efficiency, durability, and selectivity. The
incorporation of MOF-derived carbon structures with MXenes not
only enhances charge transfer but also provides a robust frame-
work for long-term operation in ZABs. Furthermore, the devel-
opment of flexible and solid-state ZABs underscores the versatility
of these hybrids in next-generation energy storage technologies.
These findings collectively reinforce the promising role of MOF/
MXene hybrids in advancing energy conversion and storage,
paving the way for future research and industrial applications in
sustainable battery technologies.

7. MOFs/MXene hybrid materials for
oxygen evolution reactions in ZABs
application

The search for efficient and durable electrocatalysts for OER has
led to the development of novel hybrid materials, particularly
those based on MOFs and MXenes. These hybrid materials

This journal is © The Royal Society of Chemistry 2025
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combine the high surface area and tunable porosity of MOFs
with the excellent electrical conductivity and structural stability
of MXenes, making them promising candidates for electro-
catalysis in energy storage and conversion applications. Recent
studies have explored various synthesis strategies, structural
modifications, and compositional optimizations to enhance the
catalytic performance of MOF/MXene-based materials. This
section reviews key advancements in their application for OER,
particularly in ZABs, highlighting their structural advantages,
electrochemical performance, and theoretical insights.

Komal Farooq et al®* has developed a user-friendly and
versatile method for creating electrocatalysts capable of per-
forming two reactions: the OER and HER. This method involves
converting ZIF67/MXene hybrids into CoS@C/MXene nano-
composites by exposing them to hydrogen sulfide gas at
elevated temperatures. Fig. 19 illustrates the formation of
CoS@C/MXene nanocomposites at various temperatures.
Among the synthesized nanocomposites, CSMX-800 exhibited
the highest electrocatalytic activity for both OER and HER.
Specifically, the CSMX-800 material demonstrated notable
overpotentials of 257 mV at a current density of 10 mA em™> for
OER and 270 mV at the same current density for HER.
Furthermore, it exhibited low Tafel slope values of 93 mV per
decade for the oxygen evolution reaction (OER) and 103 mV per
decade for the hydrogen evolution reaction (HER). The
outstanding electrocatalytic performance of materials contain-
ing MXene is attributed to their high surface area, enhanced
electrical conductivity, and superior charge transfer proper-
ties.” This research underscores the potential of CoS@C/
MXene-based electrocatalysts in facilitating electrocatalytic
water splitting to produce hydrogen (H,), which is essential for
carbon emission reduction and environmental protection.”®
Fig. 20a presents the linear sweep voltammograms (LSV) for
OER, and Fig. 20b shows the corresponding Tafel slopes.
Fig. 21a illustrates the OER LSV trends of various CSMX
samples, each containing different amounts of MXene
(CSMX800-0.05, CSMX800-0.1, and CSMX800-0.2), alongside
control samples (MXene, ZIF67, MXS, and ZIF67/MXene).
Fig. 21b presents the time-dependent electrochemical
behavior of CSMX-800 during a 12 hours period, with an addi-
tional section highlighting the OER LSV trends before and after
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C 0,),6H,0
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Fig. 19 Schematic of CoS@C/MXene nanocomposite synthesis at
various temperatures. Reproduced from ref. 94 with permission from
Royal Society of Chemistry, copyright © 2024.
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undergoing 500 cycles of cyclic voltammetry (CV), showcasing
the catalysts durability and reliability.

Linghao He et al®” have pioneered a new method in elec-
trocatalysis by creating a sequence of cobalt compounds along
with carbon nanotubes, which are carefully placed onto a gra-
phene-like titanium carbide structure (CoO,-N-C/TiO,C).
These mixtures come from a bimetallic cobalt zinc-based
zeolitic imidazolate framework (ZIF) and a Ti;C,T, MXene
composite (CoZn-ZIF/TizC,T,). The synthesis process of these
advanced materials is depicted in a schematic diagram (Fig. 22),
illustrating the preparation of the CoO,-N-C/TiO,C catalyst.
The resultant CoO,-N-C/TiO,C composites exhibit remarkable
trifunctional electrocatalytic properties, making them highly
effective for the HER, ORR, and OER. In a range of mixtures with
varying amounts of Ti;C,T,, the CoO,~N-C/TiO,C mixture
(22.7%) stands out as the most effective in terms of electro-
chemical conductivity.”® When used as a catalyst for the split-
ting of water, this mixture (22.7%) reaches a current density of
10 mA cm™ > (E; = 10) at a remarkably low voltage of 1.45 V.
Additionally, the composites ability to produce oxygen is shown
to have a very small voltage difference of just 0.72 V between the

log j (mAcm?)

(@) OER LSV curves. (b) Tafel slopes. Reproduced from ref. 94 with permission from Royal Society of Chemistry, copyright © 2024.

E; = 10 for the OER and the ORRs half-wave potential. The
remarkable catalytic abilities of CoO,-N-C/TiO,C (22.7%) can
be linked to several important factors. First, the combined effect
of the various components in the composite boosts its overall
effectiveness. The presence of carbon nanotubes within the
structure significantly improves electronic mobility, facilitating
efficient electron transport.” Additionally, the hierarchical
porosity of the composite aids in mass transport, allowing for
more efficient reactant access to the active sites. Furthermore,
the consistently strewn cobalt, cobalt oxide, and titanium
dioxide active sites within the carbon framework contribute to
the enhanced catalytic activity by providing numerous active
centers for the electrochemical reactions.'® These innovations
underscore the potential of CoO,-N-C/TiO,C composites as
multifunctional electrocatalysts, particularly for applications in
water splitting and energy conversion technologies. The inte-
gration of MXene with CoZn-ZIF-derived materials presents
a novel pathway for developing efficient, stable, and high-
performance catalysts that are crucial for advancing sustain-
able energy solutions.**
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Fig.21 (a) LSV curves for OER CSMX with varying amounts of MXene and standard samples. (b) Time-dependent electrochemical test for CSMX-
800 over a period of 12 hours, including an enlarged section showing the LSV curves prior to and following 500 CV cycles. Reproduced from ref.

94 with permission from Royal Society of Chemistry, copyright © 2024.
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Pingping Tan et al'® have developed an innovative 2D
composite series, specifically MOF/Ti;C,T,, which were
synthesized using an electrostatically directed assembly
method. These composite materials have revealed promising
potential as catalysts for the OER, a critical procedure in water
splitting and other energy conversion technologies.'®® The
synthesis process, illustrated schematically in Fig. 23, high-
lights the formation of Co,Ni-MOF@MZXene, a 2D/2D hetero-
structure that effectively combines the unique properties of
both MOFs and MXenes along with LSV curves. The enhanced
electrocatalytic properties of these composites are attributed to
ultrathin 2D/2D heterostructure, which provides plenty of
reactive sites in the Co,Ni-MOF matrix."* Additionally, the
Ti;C, T, MXenes high electronic conductivity plays a crucial role
in facilitating efficient charge transfer during the OER. Among
the various catalysts tested, Co,Ni-MOF@MX-1 emerged as the
most effective, demonstrating superior oxygen evolution
performance.’® This was evidenced by its minimal Tafel slope
of 51.7 mV dec™' and the lowest possible overpotential of
265 mV at a current density of 10 mA cm 2 on carbon sheet.
These findings suggest that the electrostatically directed
assembly method used to synthesize these 2D composite
materials is not only feasible but also highly effective in creating
2D heterostructure catalysts with enhanced catalytic perfor-
mance.'”® The success of Co,Ni-MOF@MXene composites in
OER applications underscores their potential for broader use in
energy storage and conversion technologies, where efficient and
stable catalysts are crucial for enhancing the recital and
sustainability of electrochemical processes.*”’

Chuming Xu et al.’®® have investigated a creative method to
improve the efficiency of the OER by creating a metal-organic
framework (MOF)/MXene composite material. Through the use
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of a pyrolysis-reorganization approach, they effectively
produced a mixed spinel oxide with a heterogeneous composi-
tion of Co30,/Co,TiO,. This novel composite material is
designed by carefully regulating the pyrolysis temperature,
which plays a critical role in simultaneously optimizing the
mesoporous structures and the electronic arrangement of
CoOct cations within the mixed spinel oxides.'” The research
findings reveal that these structural and electronic optimiza-
tions result in outstanding OER performances, characterized by
low overpotentials—280 mV on a glassy carbon electrode and
260 mV on Ni foam at a current density of 10 mA cm 2. Addi-
tionally, the material demonstrates remarkable stability in an
alkaline solution, making it a favorable for experimental
applications in energy conversion technologies.”® A key
discovery in this investigation is the synergistic catalytic effect
between the CoOct®" cations in Co;0, and CoOct*" cations in
Co,TiO,. This interaction is essential for enhancing the OER
activity, as it facilitates efficient electron transfer and improves
the overall catalytic performance.”** The strategic combination
of these two cations within the spinel structure is shown to be
a critical factor in achieving superior OER efficiency."** The
studies findings, supported by polarization curves, Tafel plots,
Nyquist plots, and chronoamperometry results (as depicted in
Fig. 24), highlight the significant impact of this material on the
field of electrocatalysis. The successful application of this
pyrolysis-reorganization strategy opens up new avenues for the
improvement of Co-based spinel oxides with enhanced OER
activity."*® These advancements offer promising opportunities
for improving the performance of electrochemical devices,
particularly in sustainable energy advancements such as water
splitting and fuel cells.

- e

CoZn-ZIF/Ti,C,T,

Calcinated at \Zn evaporation
800 °Cin N, 4

C00,-N-C/TiO,C

Fig.22 Diagram illustrates the preparation process for the CoO,—N-C/TiO,C catalyst.*” Reproduced from ref. 97 with permission from Elsevier

Ltd, copyright © 2019.
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Jinzhou Li et al.*** have reported a notable advancement in
electrocatalysis with their development of a carbon and
nitrogen co-doped porous Co,P catalyst, extracted from the
metal-organic framework (MOF) ZIF-67. This material, referred
to as MX@MOF-Co,P, is further anchored on bimetallic MXene
nanosheets, combining the advantageous properties of both
components.” The synthesized MX@MOF-Co,P demonstrates
exceptional performance as a catalyst for the OER. The material
shows remarkably low overpotentials of 246 mV at a current
density of 10 mA cm™> and 407 mV at 200 mA cm™>. These

View Article Online
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[lustration of the Co,Ni-MOF@MXene synthesis process with LSV curves. Reproduced from ref. 102 with permission from Elsevier Ltd,

values indicate high catalytic efficiency, reflecting the materials
effectiveness in facilitating the OER process."'® Additionally, the
catalyst exhibits an ultralow Tafel slope of 28.18 mV dec ',
further highlighting its superior kinetic performance and sug-
gesting rapid and efficient reaction kinetics. The innovative
integration of carbon and nitrogen doping with porous Co,P,
along with the support of MXene nanosheets, increases both the
electrochemical execution and efficiency of the catalyst.*” This
approach delivers a important pathway for developing high-

performance OER catalysts with improved activity and
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Fig. 24

(a) Polarization graphs for CoTiO,—T samples and Cos0O4-coated Ni foam. (b) Tafel diagrams for these catalysts. (c) Nyquist diagrams. (d)

Temporal amperometry of CoTiO,-650 at 1.49 V versus RHE. Reproduced from ref. 108 with permission from Royal Society of Chemistry,

copyright © 2023.
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(a) Energy flow chart for open educational resources. (b) Distribution of charge density (DOS) along with the associated d-band center

and Fermi energy (Ey). (c) Charge density difference across the Co,P—MXene boundary, with yellow showing electron gathering and blue showing
electron shedding. Reproduced from ref. 114 with permission from Elsevier Ltd, copyright © 2023.

durability, which are crucial for advancing renewable energy
technologies and other applications requiring efficient electro-
catalysts."™® DFT calculations were also accomplished to eval-
uate the intrinsic OER activity of Co,P, MOF-Co,P, and
MX@MOF-Co,P. The OER mechanism at the anode under
alkaline conditions involves four steps:

(a) M + OH™ — MOH* + e,

(b) MOH* + OH™ — MO* + H,0 + e,

(c) MO* + OH™ — MOOH* + e, and

(d) MOOH*+ OH™ — M+ 0, + H,O +e".

In this case, * indicates an active site and M stands for the
catalyst. The rate-limiting phase is usually the change from step
b to step ¢, and a significant activity descriptor is the difference
in Gibbs free energy, AG_OOH* — AG_O*. The rate-determining
step (RDS) in Fig. 25a is the transition from O* to OOH*, which
has the largest Gibbs free energy shift. At U = 0 V, MX@MOF-
Co,P shows the smallest AG_OOH* — AG_O* (2.29 eV), indi-
cating better OER kinetics compared to MOF-Co,P (2.69 eV) and
Co,P (3.48 eV), consistent with EIS results. At U = 1.23 V, steps
b to c are not spontaneous, but at U = 2.3 V, the entire OER
process becomes spontaneous.'” The enhanced RDS perfor-
mance is attributed to the combination of carbon and nitrogen
doping, along with the cooperative impact of Co,P and MXene.
Analysis of Bader charges indicates that nitrogen elements pull
electrons from Co, facilitating the formation of Co with high
valence.'” Moreover, the increased number of available energy
levels at the Fermi level for MX@MOF-Co,P (as shown in
Fig. 25b) points to improved conductivity and the movement of
electrons. A greater d-band depth (—0.93 eV) implies a stronger
chemical interaction, which supports the adsorption of oxygen

ZIF-67
Deposition

intermediates and enhances the rate of reactions. Charge
density mapping (as depicted in Fig. 25¢) shows the transfer of
charges between Co,P and MXene, which boosts the redistri-
bution of charges and speeds up the OER process.

Combining detailed characterizations with theoretical
calculations, Li et al.*** identified several key factors underlying
the exceptional performance of their MX@MOF-Co,P catalyst.
The remarkable catalytic activity is largely ascribed to the
retention of the porous structure from the original MOF, ZIF-67,
which gives a high density of accessible active sites."* This
intrinsic porosity enhances the materials catalytic efficiency by
improving reactant accessibility and overall reaction kinetics.
Additionally, the carbon and nitrogen doping modulate the
electronic structure of the cobalt phosphide, optimizing the
electronic environment around the active sites and reducing
energy barriers associated with the OER.” Furthermore, the
combined consequence among the cobalt phosphide and
MXenes plays an important part in boosting performance. The
MXenes enhance electronic conductivity and facilitate efficient
charge transfer processes, thus improving the overall electro-
catalytic activity."* This interplay between the cobalt phosphide
and MXenes ensures rapid and effective electron transfer,
leading to the catalysts superior performance. Collectively,
these factors—preserved porosity, tailored electronic properties
due to doping, and the beneficial interaction among cobalt
phosphide and MXenes—contribute to the exceptional electro-
catalytic activity of the MX@MOF-Co,P catalyst.'**

Liuyong Hu et al.**® explored an innovative approach for
enhancing electrocatalytic performance by utilizing TizC,
MXene as a support material in conjunction with a MOF. Their

Etching &
Coprecipitating

Fig. 26 Schematic of the synthesis process for CoFe MLDH/TisC,. Reproduced from ref. 126 with permission from Elsevier Ltd, copyright ©

2021
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Fig. 27 (a) Polarization curves for Open Educational Resources (OER). (b) Overpotential measurements atj = 10 mA cm™2. (c) Tafel diagrams for
various catalysts. (d) Overpotential measurements at j = 10 mA cm™2 and a comparison of Tafel slopes for CoFe MLDH/TisC, and other OER
catalysts. (e) Composition of deposition layer (C_dl) values for CoFe LDH, CoFe MLDH, and CoFe MLDH/TizC,. (f) Time-dependent potential
(chronopotentiometric) curve for CoFe MLDH/TisC,. Reproduced from ref. 126 with permission from Elsevier Ltd, copyright © 2021.
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copyright © 2018.

method involved an etching-coprecipitating process to develop
a CoFe layered double hydroxide (MLDH) composite with Ti;C,
MXene, resulting in the creation of CoFe MLDH/Ti;C,. This
advanced catalyst demonstrates remarkable oxygen evolution
reaction (OER) performance, achieving impressively smallest
overpotential (170 mV and 238 mV) at the tested current
densities (10 mA cm ™2 and 100 mA cm™ ). The manufacture
technique of CoFe MLDH/Ti;C, is depicted in Fig. 26a, which
illustrates how Tiz;C, MXene integrates with CoFe MLDH to
enhance catalytic performance. The interaction among CoFe
MLDH and Ti;C, MXene significantly improves the binding
strength of intercedes involved in the OER, leading to optimized
catalytic activity."” This is supported by both experimental data
and theoretical findings, which reveal that the strong electronic
interaction among the two components of the composite results
in improved efficiency by lowering energy barriers and opti-
mizing reaction pathways."”® The study provides comprehensive
data on the catalysts performance. Fig. 27a shows the OER
polarization curves of CoFe MLDH/Ti;C, alongside other cata-
lysts, demonstrating its superior performance.”” Fig. 27b
highlights the overpotential measurements at 10 mA cm > and
100 mA cm 2, while Fig. 27c presents the Tafel plots, all of
which underscore the catalysts exceptional performance in
relation to existing technologies.”® Additional figures include
Fig. 27d, which compares the overpotential at 10 mA cm™ and
Tafel slopes for CoFe MLDH/Ti;C, with other described OER
catalysts, and Fig. 27e, showing capacitance measurements
(C_dl) for CoFe LDH, CoFe MLDH, and CoFe MLDH/TizC,.
Fig. 27f provides the chronopotentiometric curve, illustrating
the durability of the catalyst. Theoretical analyses in Fig. 28a
and b provide further insights into the structure and electronic
properties of CoFe LDH/Ti;C,0,, including free energy
diagrams and density of states (DOS) calculations. Fig. 28c
shows the DOS of CoFe LDH/Ti;C,0, compared to individual
CoFe LDH and Ti;C,0,, while Fig. 28d presents the projected
density of states (PDOS) for the 3d orbitals of Co and Fe,
highlighting the d-band center. These theoretical findings
elucidate the electronic and catalytic mechanisms at play,
offering a deeper understanding of the factors contributing to
the catalysts high activity."** This research not only advances the
development of efficient MOF-based catalysts but also enhances
the intrinsic activity of (oxy)hydroxide-based catalysts, paving
the way for improved performance in electrochemical
applications.*>

This journal is © The Royal Society of Chemistry 2025

Haiyuan Zou et al.** has introduced a novel approach for
enhancing electrocatalytic performance through the develop-
ment of a hierarchical porous Ni-Co-mixed metal sulfide
(denoted as NiCoS) supported on Tiz;C,T, MXene. This
composite is fabricated using a metal-organic framework
(MOF)-based technique, as illustrated in Fig. 29, which details
the synthesis method of NiCoS/Ti;C,T,. The resulting hybrid
material benefits from a unique structural arrangement and
robust interfacial interactions among NiCoS and TizC,Ty
sheets. In oxygen evolution reactions (OERs), this design
improves the charge-transfer conductivity and active surface
area, which results in better performance.** Interestingly, the
hierarchical NiCoS changes into a nickel/cobalt oxyhydroxide-
NiCoS assembly (referred to as NiCoOOH-NiCoS) during the
OER process. Effective OER is attributed to intrinsic active
species, specifically the NiCoOOH that forms on the surface."*
The hybrid materials exceptional performance is also seen in its
use as an air cathode in rechargeable ZABs."*® Here, it demon-
strates low charging and discharging overpotentials as well as
impressive long-duration stability.”®” The research highlights
the advantages of integrating MXenes with MOF-derived mate-
rials to tailor the structure and enhance electrocatalytic
performance.™® This approach offers valuable insights into the
structure-activity relationship of noble metal-free catalysts,
paving the way for more efficient and durable electrocatalysts.**®
Fig. 30a compares the open-circuit potentials of rechargeable
Zn-air batteries using NiCoS/Ti;C,T, + Pt/C and RuO, + Pt/C
configurations, while Fig. 30b shows a picture of a red LED
array powered by a Zn-air battery based on the NiCoS/Ti;C,T, +
Pt/C air cathode, demonstrating the practical applicability of
the developed catalyst.**°

Li Zhao et al™* have reported an innovative approach to
enhance oxygen evolution reaction (OER) performance through
the in situ hybridization of Ti;C,T, nanosheets with 2D cobalt
1,4-benzenedicarboxylate (CoBDC), using the interdiffusion
reaction-aided method. This process is schematically illustrated
in Fig. 31, which details the synthesis of the Ti;C,T,~CoBDC
hybrid for OER applications. The resulting TizC,T,~CoBDC
hybrid material demonstrated impressive OER performance.
The substance displayed a present current density of 10 mA
em > under a voltage of 1.64 V, in contrast to the RHE, featuring
a Tafel slope of 48.2 mV per decade in a 0.1 M KOH solution.
These findings surpass the capabilities of the traditional cata-
lyst made from IrO,. They are on par with, or possibly superior
to, the most sophisticated catalysts created from transition
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Fig. 30 (a) Open-circuit voltage plots for rechargeable Zn—air batteries with NiCoS/TizC,T, + Pt/C and RuO, + Pt/C configurations. (b) Red LED
array powered by a Zn—-air battery using NiCoS/TizC,T, + Pt/C air cathode. Reproduced from ref. 133 with permission from American Chemical

Society, copyright © 2018.
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Fig. 31 Schematic of TizC,T,—CoBDC hybrid preparation for the oxygen evolution reaction, with OER polarization curves. Reproduced from ref.
141 with permission from American Chemical Society, copyright © 2017.

metals that have been documented before. A substantial active
surface area and a highly porous structure are provided by the
CoBDC component. The rapid transfer of charge and ions
across the well-defined Ti;C,T,—~CoBDC interface is facilitated
by the hydrophilic and electrically conductive Ti;C,T, nano-
sheets. Consequently, the electrolytes access to the catalytically
active CoBDC surfaces is enhanced. The Ti;C,T,~CoBDC hybrid
material was utilised in an air cathode for a rechargeable ZAB in
addition to its exceptional OER performance. This battery effi-
ciently supplied power to an LED, showcasing its utility in
storing energy. Fig. 32 offers a diagrammatic representation of
the rechargeable ZAB (32a), along with the polarization curves
for ZABs using different combinations of materials such as
Ti3C,T,~CoBDC + Pt-C and IrO, + Pt-C (32b). The polarization
curves for charge and discharge during operation at a current
density of 0.8 mA cm ™2 (32c) and a picture of an LED illumi-
nated by the ZAB, specifically with the Ti;C,T,~CoBDC + Pt-C
material, (32d) highlight the batteries versatility in practical
settings. This work highlights the advantages of in situ hybrid-
ization of MXenes and 2D MOFs, suggesting that careful control

12880 | J Mater. Chem. A, 2025, 13, 12855-12890
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of the interface between these materials can open new pros-
pects for their use in advanced energy-based applications.

The development of MOF/MXene hybrid materials for OER
in ZABs has demonstrated significant advancements in elec-
trocatalysis. The studies reviewed highlight the potential of
these hybrid materials to enhance catalytic performance
through innovative synthesis techniques, structural modifica-
tions, and strategic compositional engineering.**> One of the
key findings is that integrating MXene with MOFs enhances
electrocatalytic activity due to improved surface area, electrical
conductivity, and charge transfer properties.'*® For instance, the
CoS@C/MXene composite (CSMX-800) and the CoO,~-N-C/
TiO,C hybrid showed exceptional OER and hydrogen evolution
reaction (HER) efficiencies, with low overpotentials and small
Tafel slopes. Similarly, Co,Ni-MOF@MZXene composites
exhibited high electrocatalytic performance due to their 2D/2D
heterostructures, which provided abundant active sites and
facilitated rapid charge transfer. The integration of MXene
nanosheets with MOFs, such as MX@MOF-Co,P and CoFe
MLDH/Ti;C,, also significantly enhanced OER kinetics and
durability, attributed to the synergistic effects between MXenes

This journal is © The Royal Society of Chemistry 2025
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Fig. 32 (a) Diagram showing the structure of a rechargeable ZAB. (b) Graphs illustrating the polarization patterns during charging and discharging
in ZABs with different compositions, including TizC,T,—CoBDC + Pt—C and IrO, + Pt—C setups. (c) Graphs depicting the charging and dis-

charging behavior over time at a current of 0.8 mA cm—2

. (d) Image of a red LED being illuminated by the ZAB with the composition TizC,T,—

CoBDC + Pt-C. Reproduced from ref. 141 with permission from American Chemical Society, copyright © 2017.

conductivity and the catalytic activity of MOF-derived materials.
Theoretical calculations, including DFT analyses and Gibbs free
energy evaluations, further confirmed the superior performance
of these hybrid materials by revealing optimized electronic
structures and reaction pathways."* The enhanced interaction
between MXene and MOF-derived metal oxides, hydroxides, or
phosphides has been crucial in reducing energy barriers,
improving electron transfer, and stabilizing active sites, leading
to superior OER activity."*® Additionally, several studies
demonstrated the practical application of these materials in
rechargeable ZABs, showing prolonged stability, high efficiency,
and lower charge-discharge overpotentials. The hierarchical
porosity, doping strategies, and tailored electronic structures
have contributed significantly to optimizing the OER activity of
these hybrid materials.'*® Overall, MOF/MXene hybrid materials
represent a promising class of electrocatalysts with remarkable
efficiency and durability for OER applications in sustainable
energy systems. The continued development of these materials,
along with deeper mechanistic insights from both experimental
and theoretical studies, will pave the way for more advanced
and scalable electrocatalytic technologies in the future.'*’

8. Challenges in ZABs

A key obstacle in creating sustainable ZABs is the need to greatly
improve their energy efficiency and prolong their use.*® A vital

This journal is © The Royal Society of Chemistry 2025

part of how ZABs work is the performance of the air cathode,
which charges and discharges via the OER and ORR, as
mentioned. Yet, these reactions face challenges due to slow
reaction rates, mainly because of the intricate electron transfer
processes involved.*® To address this issue, there is an urgent
requirement to develop efficient catalysts that can speed up
these reaction rates.”*® Despite the progress made in identifying
various electrocatalysts for ORR and OER, the challenge of
designing efficient bifunctional electrocatalysts—capable of
facilitating both reactions—remains a formidable task.'** The
complexity arises from the distinct nature of ORR and OER,
which, although reversible, involve different processes due to
the variability in their active sites. Controlling factors such as
the d-band center and oxygen adsorption strength is crucial for
optimizing the internal charge-discharge mechanisms, which
are vital for the rapid advancement of ZAB technology.**

The main reason for complex chemical reactions happening
at the interface where gas, liquid, and solid meet is mainly
because of the complex ways electrons are transferred, which
make it hard for electrons to move around easily."® Right now,
the catalysts being looked at for their ability to do two things at
once are usually in powder form, which makes putting them
together into ZABs quite difficult. A big problem is that the
catalysts made from noble metals like platinum (Pt/C) for ORR
and iron (Ir/RuO,) for OER are very expensive.”* Also, using
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adhesives to stick these powder catalysts to the air cathode can
make the electrode less conductive, making it harder to design
effective ZABs."*® On the other hand, creating 2D MXene elec-
trodes, which have a MOF host right on a conductive surface,
offers a good solution to these problems."*® This method
increases the surface area of the electrode and helps prevent the
catalyst from breaking down over time during the batteries
use.””*® The integration of MOFs with MXenes offers signifi-
cant advantages, including a large surface area, a mixture of
metal centers, and tunable porosity, all of which contribute to
improved electron and mass transport.’® These features are
particularly beneficial for enhancing both OER and ORR
kinetics, thereby boosting the batteries overall efficiency.
Moreover, the initiation of MOF/MXene composite electrodes
represents a novel and promising strategy to address the limi-
tations associated with powder catalysts.'**'** These composites
not only improve the stability and longevity of ZABs but also
offer a more robust platform for catalyzing the essential reac-
tions within the battery.'*> By leveraging the unique properties
of both MOFs and MXenes, this approach has the potential to
overcome the current barriers in ZAB technology, paving the
route for the development of more sustainable and efficient
energy storage solutions.'®****

9. Future perspectives

The future of ZABs powered by MOF/MXene hybrid materials
looks exceptionally promising, with the potential to revolu-
tionize energy storage technology.'*>'*® These hybrids combine
the large surface area and tunable porosity of MOFs with the
exceptional conductivity, chemical stability, and mechanical
strength of MXenes, offering significant improvements in
performance, durability, and efficiency.'*”**® Fig. 33 shows the
future directions of rechargeable ZABs. However, to fully realize

Practical
Applications

Fig. 33 Future directions of rechargeable ZABs.
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this potential, several key areas of research and development
must be addressed, including

(I) Advanced synthesis techniques

O Develop precise control over the structure and composi-
tion of MOF/MXene hybrids.

O Innovate in situ and ex situ synthesis methods, such as
atomic layer deposition and electrochemical deposition.

O Ensure scalability, cost-effectiveness, and environmental
sustainability of production processes.'**'”°

(I1) Material characterization

O Use advanced analytical methods (e.g., operando spec-
troscopy, high-resolution electron microscopy, synchrotron
radiation) to study structural, electronic, and chemical proper-
ties at atomic/molecular scales.

O Conduct real-time in situ and operando studies to under-
stand ORR/OER mechanisms and optimize catalyst design.'”*'">

(I1I) Electrochemical performance optimization

O Tailor pore structure, surface chemistry, and electronic
properties to improve ORR/OER kinetics.

O Develop bifunctional catalysts for efficient charging/
discharging processes.'”

O Enhance durability and cycle stability to extend ZABs
lifespan.**

(IV) Scalability and commercialization:

O Focus on cost-effective, scalable, and environmentally
friendly production methods.

O Combining bottom-up self-assembly approaches with scal-
able manufacturing technologies, such as 3D printing and roll-to-
roll deposition, may also facilitate the large-scale integration of
MOF/MXene hybrids into practical energy storage devices.”

O Foster collaboration between academia, industry, and
government to translate lab innovations into commercial
technologies.”®
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O Establish standardized testing protocols and perfor-
mance benchmarks for ZABs."””

(V) Cross-disciplinary applications

O Explore integration into solid-state batteries, fuel cells,
supercapacitors, and water-splitting devices for hydrogen
production.

O Develop multifunctional materials to address diverse
energy-related challenges.'”®

(VI) Environmental considerations

O Prioritize green synthesis methods to minimize toxic
reagents and energy consumption.

O Conduct life cycle assessments (LCA) to evaluate envi-
ronmental impact from production to disposal/recycling.'”®

O Focus on recyclability and end-of-life management to
support a circular economy.

In conclusion, the integration of MOF/MXene hybrids in
ZABs represents a significant leap forward in energy storage
technology.*®® By addressing current challenges and leveraging
the unique properties of these advanced materials, researchers
and industry professionals can drive innovation and contribute
to the development of efficient, durable, and sustainable energy
storage systems. This progress will be critical in meeting the
growing energy demands of the modern world and supporting
the global transition to a sustainable energy future.*®*

10. Summary

This review has explored the significant advancements and
potential of MOF/MXene hybrid materials in enhancing the
performance of ZABs. By integrating the large surface area and
tunable catalytic characteristics of MOFs with the excellent
conductivity and structural constancy of MXenes, these hybrids
have developed as plausible candidates for improving the
electrochemical performance, durability, and efficiency of ZABs.
The review began with an in-depth discussion of the architec-
ture and mechanisms underlying ZABs, highlighting the critical
roles of the current collector, catalytic layer, and gas diffusion
layer in determining overall battery performance. The complex
electrochemical reactions, particularly the ORR and OER, were
analyzed, emphasizing the need for efficient and durable cata-
lysts to drive these processes. MOF/MXene hybrids have
demonstrated the potential to address these needs through
their unique combination of properties, which enhance cata-
lytic efficiency, ion transport, and operational stability.
However, despite these promising developments, several chal-
lenges remain. The synthesis of MOF/MXene hybrids with
optimal properties requires advanced and scalable techniques.
Additionally, there are challenges related to the material
compatibility, stability, and scalability of these hybrids. Further
research on novel synthesis methods, advanced characteriza-
tion, and in situ electrochemical analysis is essential for their
commercial adoption.

11. Outlook

Looking ahead, the future of ZABs with MOF/MXene hybrids is
bright, with several key areas of research offering exciting

This journal is © The Royal Society of Chemistry 2025

View Article Online

Journal of Materials Chemistry A

opportunities. Advanced synthesis techniques that allow for
precise control over the integration of MOFs and MXenes will be
essential for optimizing the properties of these hybrids. In-
depth material characterization and real-time analysis of elec-
trochemical processes will provide critical insights into the
mechanisms governing their performance, guiding the design
of more competent and durable catalysts. Additionally, the
development of scalable, cost-effective, and ecological friendly
synthesis methods will be vital for translating these laboratory-
scale innovations into commercial applications. Furthermore,
the potential of MOF/MXene hybrids extends beyond ZABs,
offering opportunities for integration with other emerging
energy storage and switching machineries, such as solid-state
batteries, fuel cells, and supercapacitors. This cross-
disciplinary approach could lead to the development of multi-
functional materials that address a broader range of energy-
related challenges, driving innovation across multiple fields.
In conclusion, while there are tasks to be addressed, the inte-
gration of MOFs and MXenes in ZABs holds immense potential
to revolutionize energy storage technology. By continuing to
explore and refine these advanced materials, researchers can
contribute to the expansion of more competent, durable, and
sustainable energy storage solutions that meet the growing
demands of the modern world. The successful commercializa-
tion and adoption of MOF/MXene hybrid-based ZABs could
mark a significant leap forward in the field, ultimately
contributing to the global transition toward sustainable energy
systems.
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