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Abstract

Metal-organic frameworks (MOFs) and MXenes have emerged as complementary materials with
distinct properties; MOFs offer tunable porosity and functional diversity, while MXenes provide

strong electrical conductivity and surface reactivity. Their incorporation into MOF/MXene

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

composites has performance across various environmental and energy applications. This study

focuses on recent breakthroughs in the synthesis of MOF/MXene composites, including

Open Access Article. Published on 22 2025. Downloaded on 02.11.25 8:55:48.

hydrothermal, green, self-assembly, and in-situ approaches. Furthermore, the applications of

(cc)

MXene/MOFs in dye and pharmaceutical degradation are thoroughly discussed. Moreover, the
present work also elucidates the application in hydrogen production and supercapacitor
development. The structure-function linkages and material design strategies are examined, giving
insight into how the hybrids transcend their specific limits. Finally, key challenges and
opportunities are identified to guide future research into scalable and efficient MOF/MXene-based
technologies for sustainable environmental and energy systems. This work will contribute
predominantly to the ongoing advancement in the MXene/MOFs hybrid design with applications
in various technology sectors, including wastewater treatment, hydrogen production and

supercapacitors.

Keywords: MOF/MXene composites; Photocatalysis; Environmental remediation’s; Hydrogen

production; Supercapacitors
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1. Introduction

Environmental pollution has emerged as a significant global concern in recent years.! This growing
issue encompasses the contamination of soil, water, and air.> Rapid industrialization has
significantly increased the production of hazardous organic contaminants, thereby exacerbating
pollution in the soil, water and air. Among the primary contributors to environmental pollution,
particularly water contamination, are industrial effluents, which include inorganic metal ions,
synthetic dyes, aromatic and aliphatic compounds, agricultural residues such as fertilizers and
pesticides, pathogenic microbes, and pharmaceutical byproducts.> # Such pollutants pose a
significant threat to the global ecosystem, with persistent organic pollutants being particularly
concerning due to their longevity and bioaccumulation potential.> Historically, dyes were derived
from natural sources, such as vegetables, flowers, wood, roots, and insects, until the introduction
of synthetic alternatives in 1856.6 Natural dyes are considered environmentally benign because
they degrade easily under sunlight, leaving a minimal ecological footprint. However, the rapid
growth of industries such as food processing, plastics, textiles, and cosmetics has escalated the
demand for dyes, prompting the widespread adoption of synthetic alternatives to meet this need.
Synthetic dyes are crucial to these industries as they offer advantages such as high availability,
cost-efficiency, colorfastness, and resistance to light, pH fluctuations, and oxidation. Globally,
around 80,000 tons of synthetic dyes are produced each year, yet only about 80% are utilized in

the dying process; the remaining 10-15% enter wastewater systems as residual pollutants.’

In addition to synthetic dyes, pharmaceutical compounds also contribute significantly to water
pollution, posing a serious environmental concern. These pharmaceutical contaminants originate
from various sources, including prescription drugs, over-the-counter medications, and veterinary

medications. While substances play a crucial role in treating numerous health conditions, their
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unintended release into the environment poses long-term risks. Pharmaceutical substances fall into
several categories, including antiviral (Tamiflu), antidepressant (alprazolam), antiepileptic
(carbamazepine), analgesics like naproxen and ibuprofen, antibiotics such as nitrofurantoin,
levofloxacin, chloramphenicol (CAP), and hormonal agents estriol and 17-f estradiol.® These
chemicals are released into the environment through multiple pathways, including human
excretion, livestock waste, hospital effluents, municipal wastewater, improper disposal practices,
and industrial discharge from pharmaceutical manufacturing.” As a result, untreated human waste
containing pharmaceutical residues often leaches into nearby freshwater bodies.!® One prominent
example is the transformation of male fish into female ones due to the development of feminine
qualities. Estrogens in the water can also reduce male fertility and may increase the risk of
testicular and breast cancer.'!"!3 Additionally, anti-cancer drugs found in drinking water are
capable of crossing the placental barrier, causing teratogenic and embryotoxic effects. These

cytotoxic pharmaceuticals are hazardous for pregnant women due to their potential to disrupt

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

embryonic development.!#16 Effective removal of organic pollutants from contaminated water is
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essential for ensuring safety. Water purification involves eliminating contaminants from

(cc)

wastewater to make it suitable for reuse. Traditional treatment methods, such as solvent extraction,
ion exchange, chemical precipitation, adsorption, distillation, membrane filtration, and
sedimentation, primarily transfer pollutants between phases rather than degrade them, often
generating concentrated sludge and incurring high operational costs. In contrast, advanced
oxidation processes (AOPs) have emerged as highly effective method for removal of organic
contaminants. Key AOPs include UV/H,0,, UV/S,04, UV/O3, UV/Ti0,, O3/H,0,, Fe;04/H,0,,
gamma irradiation, electron beam treatment, and various photocatalytic and electrochemical

approaches.
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Currently, fossil fuels account for approximately 80% of global energy consumption, although
their dominance is gradually declining.!” However, energy production from fossil fuels contributes
substantially to greenhouse gas emissions, particularly CO,, which accelerates climate change.!®:
19 As CO, and other greenhouse gas emissions continue to rise, the risks associated with global
warming and climate instability are escalating. To mitigate these impacts, a transition toward
renewable energy sources and stronger climate policies is essential.?’ For example, in Hong Kong,
direct fossil fuel use in electricity generation and transportation accounts for 48% and 36%
respectively, of the estimated 290,000 TJ annual energy consumption.?! Furthermore, fossil fuel-
based energy systems emit a wide range of harmful pollutants, including heavy metals, ashes,
radioactivity, SOx, NOx, CO,, etc., at levels far greater than those produced by hydrogen energy
systems based on renewable sources.>? The International Energy Agency (IEA) forecast that CO,
emissions from the energy sector will rise from 50% in 2030 to 80% in 2050.?* This pursuit of
alternative energy sources has accelerated notably since the 1973 oil crisis, which highlighted the
vulnerabilities of fossil fuel dependence.?* The rapid advancement of the electronics industry and
the increasing integration of electronic devices into daily life have spurred the development of
clean and renewable energy storage and conversion technologies.?> As a response to global energy
challenges, these efficient storage and conversion of energy have become a defining aspect of
technological evolution in the modern world. Among these, supercapacitors are gaining increasing
recognition due to their high-power density, long life cycle, and rapid charge discharge
capabilities. Supercapacitors are generally classified into electrical double-layer capacitors
(EDLCs) and pseudo-capacitors, based on their charge storage mechanisms.?® EDLCs typically
utilize carbon-based electrode materials to form an electrostatic double layer at the electrode-

electrolyte interface, enabling energy storage through physical ion adsorption. In contrast, pseudo-
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capacitors rely on fast and reversible faradaic redox reactions using conducting polymers and metal
oxide derivatives to generate electrochemical energy in the presence of applied potential.?’
Therefore, selecting appropriate electrode materials is critical for optimizing supercapacitor

performance.

In earlier studies, a wide variety of materials were employed as supercapacitor electrodes,
including conducting polymers, metal hydroxides, metal chalcogenides, MXenes, graphene, and
various metal oxides. The development of cost-effective materials based on non-precious metals
with high product selectivity and catalytic activity is essential for advancing photocatalysis.?® 2°
Metal-organic frameworks (MOFs), which are crystalline porous materials are synthesized by
coordinating metal ions or clusters with organic ligands.’% 3! The growing interest is attributed
mainly to their remarkable features, such as high surface area, variable crystalline structures,
flexible chemistry, changeable bandgap.’> 33 Recent studies have demonstrated that the unique
layered structure of two-dimensional MXenes enhances photocatalytic hydrogen production and
facilitates their integration with other semiconductors as co-catalysts. These materials have been
proposed as an effective alternative to noble-metal catalysts, owing to their comparable catalytic
properties.>* 3> Among them, titanium carbide (Ti3C,) stands out due to its excellent stability, ease
of fabrication, enhanced catalytic activity, and the presence of surface functional groups. MXenes
possess high electrical conductivity, their standalone photocatalytic efficiency remains limited.
Therefore, they are often employed as a co-catalyst when combined with semiconductors to
improve overall system performance. One such example is the incorporation of Ti;C, MXenes
with metal organic frameworks (MOFs), forming synergistic composite systems. However, the
intrinsic susceptibility of MXene, particularly Ti;C,Ty to surface oxidation under ambient

conditions remains a major barrier to their practical deployment. Recent advances, have
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demonstrated promising stabilization strategies through both chemical modification and protective
coatings. For instance, surface engineering with Al,O; via atomic layer deposition has been shown
to form conformal oxides shells that effectively inhibit oxidation without impairing electrical
conductivity.3® Similarly polymer encapsulation using conductive polymers such as polyaniline
and PEDOT has improved both environmental durability and electrochemical performance by
passivating surface -OH and -F groups, thereby reducing reactive sites for oxidative attack.’’
Beyond polymer coatings, heterostructure construction has emerged as another visible route:
embedding MXene within MOF or carbonaceous frameworks provides physical shielding and
additional interfacial stabilization, significantly prolonging structural integrity under humid and
oxygen-rich environments.?® Aqueous processing modifications have also been reported, where
optimized pH and antioxidant additives (e.g., ascorbic acid) suppress oxidative degradation during
storage and handling.?® More recently, hybrid coatings combining inorganic oxides with carbon
layers have delivered synergistic protection, balancing diffusion barrier properties with enhanced
electron transport.** Therefore, materials with high electrical conductivity and strong ability to
capture and transport photo-induced charge carriers are critical for addressing the inherently low
conductivity of MOFs. Ti;C, MXenes fulfil this role effectively due to their outstanding
conductivity and structural stability.*! Furthermore, the interfacial interactions between MOFs and
MXenes are key to their composite performance, involving hydrogen bonding, electrostatic forces,
and van der Waals interactions between MOF functional groups and MXene surface terminations.
Strong interfaces enhance charge transfer, stability, and catalytic activity. Advanced techniques
like HRTEM, XPS, and AFM help probe these interactions at the nanoscale, guiding the design of

high-performance composites. Despite their promise, MXene-based MOF composites tailored for
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photocatalytic water splitting remain relatively underexplored. Figure (1) illustrates different

timelines of MXene and MOFs composites along with their related publications.
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Figure 1. (a) Chronology of significant advancements in MOF, MXene, and MOF/MXene
nanocomposites for electrochemical energy conversion and storage. Reproduced with permission
from.*? Copyright 2023, Elsevier, (b) Timeline of the initial reports of different MOF/MXene-
based composite uses (c) publications on different uses of MOF/MXene throughout the years (d)
Pie chart showing the classification of MOF/MXene-based composites with time. Reproduced
with permission from.** Copyright 2023, Elsevier.

This review presents recent advancements in MOF/MXene composite, emphasizing their
synthesis methods, structural features, and multifunctional applications. Particular focus is given
to their roles in environmental remediation, sustainable hydrogen production through water
splitting and high-performance supercapacitors. The integration of MOFs high porosity and
tunable chemistry with MXenes excellent conductivity and mechanical strength imparts superior
physiochemical characteristics to the composites. By addressing current challenges and future
directions, this review offers valuable insights for the rational design MOF/MXene composites in

energy and environmental fields.

2. Synthesis method

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

The synthesis of MOF/MXene composites plays a pivotal role in determining their structural
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integrity, surface functionality, and overall performance in various applications. Several synthesis

strategies have been developed to combine the unique properties of MOFs and MXenes

(cc)

effectively. These methods are designed to ensure strong interfacial interactions, uniform
dispersion, and optimized composite architectures. Commonly employed techniques include
hydrothermal and solvothermal synthesis, which facilitate the growth of MOFs on the MXene
surface under controlled temperatures and pressure conditions. In —situ synthesis enables the direct
formation of MOF structures in the presence of MXene, promoting intimate contact at the
molecular level. Furthermore, green synthesis methods have gained attention for their
environmentally friendly approach, utilizing non-toxic solvents and mild conditions. Additionally,
electrostatic attraction methods leverage surface charge interactions to assemble MOF and MXene

9
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components effectively. Each of these synthesis approaches offers distinct advantages and

challenges (Table 1), which are discussed in detail in the following sections.

Table 1. Summary of different synthesis methods of MXene/MOFs composites.

Synthesis Key Features Advantages Limitations Typical
Method Applications
Hydrothermal | High Simple, high Long reaction Photocatalysis,
temperature/pressure, crystallinity, good time, energy- adsorption
aqueous-based morphology control | intensive
Solvothermal Organic solvent-based, | Wide range of Solvent Catalysis,
high temp/pressure morphologies, high | toxicity, costly | sensors
product yield solvents
In-situ MOF grows in presence | Strong interface Requires Hybrid
of MXene bonding, simple careful control | materials,
procedure of conditions energy storage
Green Eco-friendly solvents, Environmentally Limited to Catalysis,
synthesis mild conditions benign, cost- certain MOFs, | biomedical
effective lower
crystallinity
Electrostatic Surface charge-driven | Mild conditions, Less stable Photocatalysis,
self-assembly | assembly good dispersion under harsh electronics
conditions

2.1 Hydrothermal/solvothermal method;

Hydrothermal/solvothermal synthesis methods offer a straightforward approach for

fabricating a nanocomposite with controlled morphologies.*** Typically, hydrothermal synthesis

promotes the formation of dynamic frameworks, characterized by permanent metal-ligand linkage

across the structure.*%- 47 Under these conditions, single crystal forms within reactors, guided by

the materials decomposition rate in hot water under high vapor pressure at elevated temperatures.

In contrast, the solvothermal technique uses a solvent other than water to enable materials

synthesis. While both methods aim to produce high-quality crystalline products, they typically

10
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operate under moderately elevated temperature conditions.*® These methods typically involve the
reaction of metal salts or metal complexes in water or solvents, heated under high pressure and
temperatures within an autoclave. Under standard conditions, these reactions proceed over 6 to 48
h, during which disintegration, granulation and crystallization of poorly soluble compounds
occur.** Among these methods, the solvothermal approach is particularly favored for synthesizing
MOFs due to its ability to yield a wide range of morphologies. This method involves reacting an
organic ligand with a metal salt in either a solvent mixture or pure organic solvents. Commonly
used solvents include acetone, diethyl formamide, methanol, and acetonitrile.’® When MOF and
MXene precursors react under high-temperature solvothermal conditions and self-generated
pressure, the process achieves high product yield and remains operationally simple. This
technology is especially valuable for controlling the morphology of hybrid materials and
fabricating hierarchical architectures.’! For example, Tian et al.>? fabricated Ti3C,/TiO,/UiO-66-

NH; nanocomposite through the solvothermal method (Figure 2a). The process began with stirring

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

the solution for 1 h, after which 2 weight percent of TCA was added to the ZrCl, solution.

Open Access Article. Published on 22 2025. Downloaded on 02.11.25 8:55:48.

Subsequently, BDC-NH, was added to the suspension, followed by an additional 30 min of

(cc)

stirring. The resulting mixture was transferred into an autoclave and heated at 120 °C for 24 h.
After natural cooling, the precipitates were washed with (DMF) to remove unreacted organic
ligands, followed by solvent exchange with anhydrous methanol. Finally, the yellow
T13C,/Ti0,/U10-66-NH,; product was isolated by centrifugation and dried under vacuum at 80 °C
for 12 h. Similarly, Yu et al.’>® manufactured the photocatalyst, designated MPA-m/U66N-M via a
hydrothermal method (Figure 2b). Initially, zirconium tetrachloride (ZrCls) was completely
dissolved in DMF, forming what was referred to as solution A. Once dissolution was complete,

the organic molecule MPA-m was added to solution (A), and the mixture was stirred continuously

11
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for one hour to ensure proper interaction. In parallel, H,ATA was dissolved in a separate portion
of DMF to form solution (B). Following 30 minutes of stirring, acetic acid was added to the
mixture to facilitate the coordination reaction. The combined solution was subsequently
transferred into a reactor and subjected to micro-assisted hydrothermal treatment at 120 °C for 40
min under 300 W of microwave radiation. After the reaction, the synthesized product was isolated
by centrifugation, followed by repeated washing with methanol and DMF to remove unreacted
species. Finally, the purified product was dried under vacuum overnight at 80 °C. In another study,
Tian et al.>* synthesized Ti;C,@UiO-66-NH, nanocomposite using a hydrothermal technique, as
illustrated in (Figure 2c¢). Initially, a mixed solution of ZrCly in DMF and HCIl was prepared,
referred to as solution (A). Ti;C, nanosheets were then added to the solution (A), followed by
stirring for 1 h to ensure uniform dispersion. In a separate step, BDC was dissolved in DMF to
form solution (B), which was then gradually added to solution (A). The combined solution was
transferred to an autoclave and subjected to hydrothermal treatment at 120 °C for 24 h. After
cooling, the resulting products were collected by centrifugation, thoroughly washed with ethanol
and DMF, and then dried at 60°C for 12 h. Additionally, Yang et al.’®> employed a hydrothermal
method to synthesize the MX@MIL-125(Ti) nanocomposite. In this synthesis, BDC acted as the
organic linker, while the previously prepared Ti;C, MXene served as the titanium source. To
begin, BDC was dissolved in a solvent mixture of DMF and methanol, and the mixture was stirred
continuously before the addition of Ti;C, MXene. Following this, the resulting solution was
transferred into an autoclave and heated to 150 °C to initiate the hydrothermal reaction. After 24
h, the suspension was collected, allowed to cool to room temperature, and centrifuged at high speed
to separate the solid product by removing the supernatant. To obtain the final MX@MIL-125(Ti)

nanocomposite, the precipitate was repeatedly cleaned with fresh methanol and dried.

12
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Furthermore, Shalini et al.’® prepared the MN-MX nanocomposite using a hydrothermal approach,

as depicted in Figure 2d. Initially, the pre-synthesized MX was dispersed in DMF and sonicated

for 30 min to ensure proper exfoliation and dispersion. Simultaneously, BDC and ethanol were

added to a separate mixture and stirred for 15 minutes until fully dissolved. Subsequently, [Ni

(CH3COO) and [Mn (CH3COO) 2.4H, 2.4H,0] O] were added into the BDC solution, stirred for

30 minutes after complete dissolution. The resulting metal-ligand solution was then poured into

the previously sonicated MX solution. To achieve uniform distribution, the combined solution was

stirred again for 30 minutes. The homogeneous solution was then transferred into an autoclave

lined with Teflon and heated at 180 °C for 24 h under static conditions. After cooling to room

temperature, the resulting light green precipitate was collected and washed with DI water and

ethanol. The purified product was then ground using an agate mortar, designated as 25 MX-MN

and dried at 60 °C for 12 h.
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Figure 2. (a) Schematic depiction of a proposed chemical route for synthesis of Ti;C,/TiO»/UiO-

66-NH, Reproduced with permission from.>?> Copyright 2019, Elsevier, (b) a demonstration of
MPA-m/U66N-M synthesis method. Reproduced with permission from.3 Copyright 2023,
Elsevier, (c) scheme illustration for preparing Ti;C, nanosheets and TU series. Reproduced with
permission from.>* Copyright 2019, Elsevier, (d) Schematic representation of etching of aluminum
from the MAX phase and production of composites. Reproduced with permission from.

Copyright 2024, Elsevier.

Liu et al.>” synthesized Ti;C,Tx vs MIL-53(Fe) hybrid materials by adjusting the mass ratio of
Ti;C,Tx to MIL-53(Fe) through a practical solvothermal approach. Initially, a predetermined
amount of Ti;C,Tx powder was dispersed in DMF using ultrasonic treatment for 2 h to ensure
uniform dispersion. Subsequently FeCl;*6H,0O, and H,BDC, were added to the Ti;C,Tx
suspension, and the mixture was stirred until a homogenous solution was obtained. The resulting
solution was then transferred into an autoclave and subjected to solvothermal treatment at 150 °C
for 24 h. Post-synthesis treatment steps were conducted following the same procedure as used for
MIL 53(Fe) synthesis. Similarly, Lin et al.’® synthesized MIL-101(Fe)/g-C3;N4 nanocomposites
(MCN) via a hydrothermal method. Initially, the g-C;N4 nanosheets were uniformly dispersed in
a MIL-101(Fe) precursor solution. The resulting mixture was stirred for 3 h, followed by
hydrothermal treatment at 120 °C for 20 h. The obtained brown powder was washed with methanol
and vacuum-dried for 12 h at 60 °C. To synthesize MXene@MIL-101 (Fe)/g-C3;N4 nanocomposite
(MX@MCN), (Figure 3a) the MCN powder was mixed with methanol for 10 min. Subsequently,
MXene nanosheets were gradually added to the mixture and stirred for an additional hour. After

methanol washing, the resulting solid was freeze-dried for 3 days to yield MX8%@MCN; powder.

2.2 Synthesis of MOF/MXene composite through a green approach

14
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Eslaminejad et al.’® synthesized a Pd/MXOF nanocomposite using an environmentally
friendly green approach (Figure 3b). The preparation of MXene/MIL-101(Fe) (MXOF) involves
several sequential steps. Initially, MXene powder was ultrasonically dispersed in DMF for 120
min, resulting in what was referred to as Mixture 1. Separately, mixture 2 was synthesized by
dissolving FeCl;-6H,0, and H,BDC, in DMF. These two mixtures were then combined and stirred
together for 20 min to initiate the coordination process. The resulting homogenous solution was
transferred to an autoclave and heated at 110 °C for one day to facilitate crystallization. To
fabricate the PA/MXOF nanocomposite, the obtained MXOF was first dispersed in ethanol using
a bath sonicator. Following this, Pd(NO;),-2H,0 was added into the dispersion. Subsequently, an
ethanolic solution of propolis was added dropwise into the suspension under a nitrogen
atmosphere. The entire suspension was stirred at ambient temperature for 24 h to ensure uniform
deposition and reaction. Finally, the resulting black precipitate was collected, washed with ethanol

and water, and dried overnight at 60 °C.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

2.3 MOF/MXene synthesis via an electrostatic self-assembly approach
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Various non-covalent interactions, including electrostatic interaction, pi-pi stacking, and

(cc)

hydrogen bonding, can collectively drive self-assembly, leading to the spontaneous organization
of components into an ordered structure.®® ¢! For example, Cheng et al.> employed an electrostatic
self-assembly method to synthesize the UNIMOF/Ti;C, nanocomposite (Figure 3c¢). In the first
step, solution A was prepared by dissolving (BDC) in a solvent mixture containing ethanol, DMF,
and DI water. Subsequently, NiCl,*6H,0 was introduced into the solution under vigorous stirring
for 30 minutes to promote precursor interaction. In parallel, suspension B was prepared by
dispersing a specific amount of Ti;C, nanosheets in DI water. Suspension B was then gradually

added dropwise into solution A while maintaining continuous magnetic stirring. After 30 minutes
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of stirring, (TEA) was rapidly added to the reaction mixture to facilitate nucleation and growth.
The mixture was subjected to ultrasonic treatment at 40 Hz for 4 h. After the reaction, the solid
product was collected via centrifugation to remove the solvent. The precipitate was washed three
times with DMF, and ethanol, and dried overnight at 90 °C. Liu et al.%3 employed an electrostatic
attraction approach to prepare Ti-MOF/QDs/ZIS nanocomposite (Figure 3d). Briefly, Ti-
MOF/ZIS was ultrasonically dispersed in distilled water. Following this, the dispersion was purged
with nitrogen gas for 60 minutes to remove dissolved oxygen. A specific amount of Ti dots (QDs)
derived from MXene was then added to the oxygen-free dispersion. At pH 7, the MXene QDs are
negatively charged, whereas the Ti-MOF/ZIS surface carries a positive charge thereby facilitating
electrostatic assembly. The mixture was then stirred continuously at 35 °C for 12 h under a N,
environment. Finally, the resulting Ti-MOF/QDs/ZIS composite was obtained by filtration,
followed by washing the filtered material three times with DI water. The residual solvent was then

removed via vacuum distillation to obtain the product.
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Figure 3. (a) Description of the production of MX@MCN and its photocatalytic activity to

degrade enrofloxacin through light. Reproduced with permission from.>® Copyright 2025, Elsevier,
(b) schematic description for synthesis of PA/MXOF photocatalyst. Reproduced with permission
from.>® Copyright 2025, Elsevier, (¢) Fabrication procedure of the UNIMOF/Ti3C, composites.
Reproduced with permission from.®?> Copyright 2021, Elsevier, (d) Schematic representation
synthesis of Z-Scheme NH,-MIL-125 (Ti)/Ti;C, MXene quantum dots ZnIn,S, composites (Ti-

MOF/QDs/Z1S). Reproduced with permission from.%* Copyright 2022, Elsevier.
2.4 Synthesis of MOF/MXene through in situ method

Due to spontaneous formation, the bonding at the composite interface tends to be relatively
strong. Moreover, this strategy simplifies the synthesis process by eliminating the need for
complex, multi-step procedures.®* Among the commonly employed fabrication methods, in-situ

synthesis remains one of the most widely adopted techniques for composite formation.®> In the

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

case of MOF/MXene composites, this approach involves adding MXenes into a solution of organic

Open Access Article. Published on 22 2025. Downloaded on 02.11.25 8:55:48.

ligands and well-dissolved metal ions. Importantly, this procedure follows the same synthetic route

typically used for MOFs themselves. "The term same synthesis method" refers to a variety of

(cc)

techniques, including the hydrothermal method, ambient temperature diffusion-assisted
interdiffusion reaction and others. Among these, the ambient temperature diffusion method is
particularly notable for its simplicity and environmentally friendly conditions, making it both cost-
effective and user-friendly.®® For example, He et al.5” employed an in-situ synthesis method to
fabricate Ti;C,/U10-66-NH, Composites (Figure 4a). The synthesis began by dissolving ZrCl, in
a solvent of DMF and acetic acid, after which a measured quantity of Ti;C, was added to the
solution. After stirring the mixture for 1 h, pre-dissolved BDC-NH, in DMF was added, and the

combined solution was stirred for an additional 30 minutes. The resulting mixture was then
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transferred to an autoclave and heated at 120 °C for 24 h to promote crystallization. After cooling
naturally to room temperature, the precipitate was washed with anhydrous methanol and DMF.
The yellow precipitates were then vacuum-dried for an entire night at 80 °C and subsequently
labeled according to their Ti3C, contents 5 weight percent Ti;C,/UiO-66-NH,, 10 weight percent
Ti;C,/Ui0O-66-NH,, 15 weight percent Ti3C,/Ui0-66-NH,, and 20 weight percent Ti;C,/UiO-66-
NH,, which are shorthand for 1-T/U, 2-T/U, 3-T/U, and 4-T/U, respectively. Far et al.®8 prepared
MXene@UiO-66 nanocomposite through an in-situ method. In this process, UiO-66 crystals were
uniformly assembled on the surface of MXene nanosheets (Figure 4b). To begin, ZrCl, and the
TPA ligand were dissolved in DMF at room temperature in the presence of MXene powder,
followed by sonication for 15 min. The resulting solution was then transferred into an autoclave
and heated at 120°C for a day. After cooling, the grey products were collected and washed three

times with DI water. Finally, the MXene@UiO-66 was dried at 80°C for 6 h.
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Figure 4. (a) Schematic diagram for Ti;C, MXene and Ti;C,/UIO66NH, composites preparation.
Figure reproduced from.®” which is open access and permits unrestricted use of materials under
the terms of the Creative Commons CC-BY, (b) schematic depiction of the method for
synthesizing of MXene@UiO-66 nanocomposite. Reproduced with permission from.®® Copyright

2024, Elsevier.

Far et al.®® synthesized the MXOF composite through an in-situ method involving the formation
of MOF in the presence of MXene. Initially, zinc nitrate and 2-MIM were separately dissolved in
methanol in two separate containers. Subsequently, MXene powder was added to the 2-MIM
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solution and sonicated for five minutes to disperse it. The zinc nitrate solution was then added
dropwise to the MXene-containing 2-MIM solution under continuous stirring at 35 °C for three h.
The resulting product was collected by centrifugation and washed three times with DI water.

Finally, the grey powder was subsequently dried for six h at 80 °C.

2.4. From Lab to Industry: MOF Scale-Up Challenges

Scaling up the synthesis of MOF- based and hybrid materials from the laboratory demonstrations
to industrial implementation remains a formidable challenge, requiring careful consideration of
both economic and technical barriers. At the laboratory scale, solvothermal and hydrothermal
methods dominate due to their ability to yield highly crystalline products with tunable structures.
However, these techniques often rely on high temperatures, long reaction times, and toxic organic
solvents, which significantly hinder large- scale deployment due to environmental, safety, and cost
concerns.”® 7 One major bottleneck is the transitions to green and scalable synthesis routes such
as mechanochemical, electrochemical, and spray-drying strategies, which can minimize solvent
usage and reduce energy demand. While mechanochemical synthesis has been demonstrated as a
scalable and eco-friendly pathway, reproducibility and control over particle size distribution at
industrial throughput remain unresolved.”? Similarly, continuous flow and microreactor-assisted
synthesis offer advantages in automation and uniformity but are yet to be optimized for producing
large batches without compromising structural integrity.”> Another challenge lies in the high cost
of ligands and metal precursors, particularly for rate earth or noble metal-based framework.
Although efforts have been made toward replacing expensive linkers with bio-derived or waste-
sourced precursors, such approaches are still underexplored at scale 74, In addition, maintaining
crystallinity porosity and functionality when shifting from gram —scale to kilogram scale

production is nontrivial. For instance defects inter particle aggregation and morphology
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inconsistencies frequently appear in called up batches which directly affect electrochemical or
catalytic performance.” The integration of conductive dopants or hybridization with carbonaceous
nanomaterials introduce further complexity. While doping strategies enhance conductivity and
electrochemical stability at small scale achieving homogenous distribution across kilogram-scale
batches is difficult and often results in performance variations.”® Moreover, the scalability of post-
synthetic modifications such as doping, surface functionalization or hybrid composite fabrication
remains uncertain due to multi-step processing and high solvent consumption.”” From an industrial
perspective, energy and environmental footprints are also critical. Large scale solvothermal
synthesis not only demands substantial thermal energy but also generates significant volumes of
solvent waste, which raises issues regarding sustainability and compliance with environmental
regulations.”® Strategies such as solvent recovery use of water as the reaction medium, and room-
temperature synthesis have been proposed, but heir applicability across different MOF and hybrid

systems is still limited.” Finally, the scale-up of electrode integration for energy storage devices

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

poses additional hurdles. Incorporating MOFs or MOF- derived nanostructures into large area

Open Access Article. Published on 22 2025. Downloaded on 02.11.25 8:55:48.

electrodes with mechanical robustness, stable interface and long cycling durability requires

(cc)

innovations in processing methods, binder chemistries, and coating technologies.® Without
advances in these areas, laboratory- scale performance benchmarks may not translate effectively
into commercial supercapacitors or batteries. In summary, addressing these challenges demands a
holistic approach that combines synthetic innovation, cost-efficient precursors greener production
strategies, and device-level engineering to realize the full potential of MOFs and their hybrids in

industrial-scale applications.

3. Applications of MOFs/MXene Composites
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MOF/MXene composites offer multifunctional capabilities for environmental remediation through
efficient pollutant degradation. The enhanced photocatalytic properties support effective hydrogen
(H,) production via photocatalysis or electrocatalysis. These materials also exhibit high
conductivity and stability, ideal for supercapacitor energy storage. Together, they present a
sustainable platform for clean energy and environmental technologies. Furthermore, the
photocatalytic performance of MXene-based composites is strongly governed by both surface
functionalization and morphological control. Functionalization of MXene surface with terminal
groups (-0,-OH, -F, -S) or heteroatom doping plays a crucial role in tailoring electronic structures,
charge separation efficiency, and interfacial interactions with semiconductors partners. For
instance, surface engineering through oxygen rich functionalities enhanced the density of active
sites and promotes stronger interactions with co-catalysts leading to improved redox kinetics.?!
Similarly, heteroatom doping (e.g N, S, P) not only improves visible-light absorption but also
modulates the band alignment between MXene and semiconductor photocatalyst, thereby
facilitating more efficient charge transfer.®> Morphology control represents another critical factor
in optimizing activity. Exfoliation into ultrathin MXene nanosheets or quantum dots significantly
enlarges the specific surface area, offering abundant catalytic sites and shortened diffusion
pathways for reactants.”! Hierarchical or three-dimensional MXene architectures have also been
demonstrated to mitigate the common issue of nanosheet restacking, ensuring better accessibility
of active sites and enhancing light —harvesting efficiency.”? Moreover, tailoring the lateral size and
thickness of MXene sheets directly influence charge carrier mobility and surface reaction kinetics
providing an effective way to tune photocatalytic activity toward CO, reduction and water
splitting.”® In addition, post-synthetic functionalization with metal cluster or molecular co-

catalysts on MXene surface introduces synthetic effects, where MXene act as both electron
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mediators and structural scaffolds to stabilize highly dispersed active sites. Such hybridization
strategies have been reported to significantly boost photocatalytic efficiency while maintain long
term stability under operational conditions.”? Taken together, surface functionalization and
morphology engineering provide powerful levers to tune the photocatalytic activity of MXene-
based composites, offering rational design strategies for next-generation catalyst in solar fuel

production and environmental remediation.

3.1 Degradation of organic pollutants by MOF/MXene composite;

The degradation of organic pollutants, such as dyes and pharmaceuticals, is a crucial for
environmental remediation. MOF/MXene composites have emerged as a promising material for
photocatalytic degradation of pollutants due to their high surface area, porosity, and conductivity.
The synergy between MOFs and MXene composites enhances the photocatalytic activity, leading

to improved degradation efficiency of organic pollutants. MOF/MXene composites have shown

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

potential in degrading complex organic pollutants, such as dyes and pharmaceuticals, under
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various conditions. The photocatalytic activity of MOF/MXene composites can be tailored by

adjusting the composition, structure, and morphology.?* Table 2 summarizes the various pollutant

(cc)

degradation using MXene/MOFs composite. Numerous researchers have investigated organic
pollutants degradation via MXene/MOF composite. For example, Eslaminejad et al.>® synthesized
palladium nanoparticles supported on MXene/MOF (Pd/MXOF) via a green synthesis route
(Figure 5a). The specific surface area of the prepared nanomaterial was 65.874 m? g
Furthermore, the optical bandgap of the synthesized materials was determined to be 1.79 eV. The
prepared nanomaterial was subsequently employed as a visible light-driven photocatalyst for the
degradation of Ofloxacin (OFL), as shown in Figure 5b. The Pd/MXOF nanomaterial shows
complete degradation of OFL after 30 min in the presence of visible light irradiation. In contrast,
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the degradation efficiencies of pristine MXene, MOF, and MXOF were 70.8, 57.9, and 37.5%,
respectively (Figure 5¢). In another study, Zairov et al.® prepared the Neodymium/Dysprosium-
based metal organic framework@MXene (Nd/Dy-MOF@MXene) nanocomposite (NC) by the
solvothermal method. The bandgap of the prepared composite was 2.78 eV (Figure 5d). The BET
surface area was observed to be 55.21 m? g!. The synthesized NC was used to degrade methyl
orange (MO) dye (Figure 5e). The MO degradation was observed to be 16.23 % in the absence of
light. While the MO degradation reached 27.12 %, after light irradiation (without a catalyst).
Furthermore, the highest degradation of MO was noted to be 93.55% in the presence of light in 30

min, using Nd/Dy-MOF@MXene as a catalyst (Figure 5f).
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Figure 5. (a) Synthesis of PdA/MXOF nanocomposite, (b) degradation of Ofloxacin (OFL), (c)
percent degradation of MXene, MOF, MXOF, and Pd/MXOF. Reproduced with permission
from.3 Copyright 2024, Elsevier, (d) Bandgap of Nd/Dy-MOF@MXene, (e) Mechanism of
methyl orange (MO) degradation, and (f) degradation of MO vs time. Reproduced with permission

from.3 Copyright 2025, Elsevier.
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Similarly, Lin et al.’® synthesized MX@MCN nanocomposite by solvothermal method. (Figure
6a) Surface area and bandgap of the synthesized catalyst were 825 m? g~ ! and 2.4 eV, respectively.
(Figure 6b). The prepared nanocomposite was used for the photocatalytic activity of Enrofloxacin

ENR) as a catalyst. The (ENR) degradation rate was noted 99 % (Figure 6¢) at pH 7 (Figure 6d
y g g g

Physical Chemistry Chemical Physics

in 60 min, (Figure 6e) under visible light irradiation.
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Figure 6. (a) Synthesis of MX@MCN and its photocatalytic activity against enrofloxacin
degradation through light (b) bandgap of MX@MCN nanocomposite, (¢) Impact of the water
matrix on the photodegradation of ENR over MX@MCN photocatalyst when exposed to visible

light, (d) pH study of MX@MCN, and (e) photodegradation of enrofloxacin (ENR) over

MX@MCN. Reproduced with permission from 38 Copyright 2025, Elsevier.

In addition, Wu et al.® prepared La-MOF@MXene (LM-0.1) nanocomposite through solvent
thermal (Figure 7a). The bandgap of the synthesized materials was 1.72 eV. Surface area of the

prepared composite was observed to be 58.55 m? g~

I, (Figure 7b). The prepared materials were
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used for the photocatalytic degradation of tetracycline HCL. At pH 6 the percent degradation was

about 92.4 percent in 120 minutes under the 300 W Xe lamp irradiation (Figure 7c). Possible

method for degradation TC by LM-0.1 under solar light exposure (Figure 7d).
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Figure 7. (a) Schematic representation for the preparing of LM-0.1, (b) N, adsorption—desorption
isotherms, (¢) TC removals with xenon lamp and (d) Possible method for degradation TC by LM-

0.1 under solar light exposure. Reproduced with permission from 8 Copyright 2025, Elsevier.

Furthermore, Tan et al.® synthesized DA-M100 nanocomposite by solvent-thermal method. The
BET surface area was observed to be 8.8237 m? g~!. Bandgap of the obtained nanocomposite was
calculated to be and 2.93 eV (Figure 8a). The prepared nanocomposite was used as a catalyst for

the degradation of sulfamethoxazole. The photocatalyst DA-M100 achieves 70 % degradation in
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10 minutes and 92.66 % degradation in 60 min at pH 7 (Figure 8b). For comparison, the

photocatalytic efficiencies of DA-M50, DA-M150 and DA-MIL-88A (Fe) were also studied. The

removal efficiency of sulfamethoxazole was found to be 93.66%, 87.25% and 89.33% using DA-

M50, DA-M150 and DA-MIL-88A (Fe), respectively. The excellent removal efficiency of DA-

M100 as compared to DA-M50, DA-M150 and DA-MIL-88A was attributed to their low bandgap.

The proposed mechanism for the degradation was shown in (Figure 8c). The potential

photocatalytic activity of DA-M100 under various pH conditions (Figure 8d). Similarly, Liu et

al.’” synthesized Ti;C,Tx/MIL-53(Fe) (TiCFe) nanocomposite via in-situ method. The prepared

nanocomposite was used for the removal of Tetracycline (TC). The prepared photocatalyst showed

an excellent removal rate of 90.3 % in 80 minutes due to the xenon lamp as a light source (Figure

8e). The bandgap and surface area of the prepared photocatalyst were 2.10 eV and 17.90 m? g!

respectively. The proposed catalytic mechanisms of (TC) were shown in Figure 8f.
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Figure 8. (a) Bandgap of the photocatalysts, (b) SMZ degradation using different photocatalysts

(c) schematic representation of DA-M100 adsorption photocatalytic removal method under light
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conditions, (d) photocatalytic activity of DA-M100 under different pH conditions. Reproduced
with permission from.3¢ Copyright 2023, Elsevier. (¢) Photocatalytic reduction of the Tetracycline
employing different photocatalysts after 80 min of visible light and (f) Schematic representation
to degrade TC over TiCFe-1 composite under visible light. Reproduced with permission from.>’

Copyright 2020, Elsevier.

Cao et al.%? prepared the photocatalyst Sn—Bi—-MOF/Ti;C, through the solvothermal method. The
synthesized catalyst was used to degrade tetracycline (TC). The (TC) degrade only 9.9 % when
there is no catalyst present. The degradation efficiency of Sn—Bi-MOF and Ti;C, after 90 minutes
of photocatalysis, were 79.7 %, and 69.1% and respectively (Figure 9a). After doping Ti;C; to
Sn—Bi—-MOF, the degradation of (TC) reached to 96.2 % at pH 11 in the presence of a xenon lamp
as a light source (Figure 9b). The surface area and bandgap were 145.873 m? g ! and 3.02 eV
respectively. The proposed photocatalytic mechanism of Sn—Bi—-MOF/Ti;C, (Figure 9¢) .27 In
addition, Cheng et al.%? synthesized UNiMOF/Ti;C, photocatalyst by the electrostatic self-
assembly process (Figure 9d). The synthesized materials were used to degrade the methylene blue
(MB) dye. The percentage degradation of the synthesized catalyst has an excellent efficiency of
99.49 % in 120 minutes at pH 6.8 in the presence of a xenon lamp as a light source. The degradation
efficiency of (MB) at different catalysts (Figure 9e). The synthesized photocatalyst has bandgap
and surface area of 3.43 ¢V and 27.00 m? g respectively. The photocatalytic mechanism of

UNiMOF towards methylene blue (MB), (Figure 9f).
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Figure 9. (a) Tetracycline (TC) degradation of Sn—Bi-MOF/Ti;C,, (b) pH effects of Sn—Bi—
MOF/Ti3C, on TC, and (c) suggested photocatalytic mechanism of Sn—-Bi-MOF/Ti;C,
Reproduced with permission from.8” Copyright 2023, Elsevier. (d) Fabrication procedure of the
UNiMOF/Ti3C, composites, (e) Degradation of MB over the UNiMOF, Ti3C, and UNIMOF/Ti;C,

nanocomposite, and (f) the photocatalytic mechanism of UNIMOF towards (MB). Reproduced

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

with permission from.5? Copyright 2021, Elsevier.
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Far et al.®® prepared MXene@UiO-66 nanocomposite through a solvothermal in situ growth

(cc)

method (Figure 10a). The synthesized nanocomposite was utilized for the degradation of (MB)
and direct red 31 (DR31). The surface area and bandgap of the prepared nanocomposite were
347.28 m? g-' and 4.04, respectively (Figure 10b). In the presence of Mercury Vapor (250W) as a
light source, the degradation efficiency of (MB) (Figure 10c). And direct red 31 (DR31) (Figure
10d), was 78 % and 56 % within 60 minutes, respectively.The proposed mechanism of

photodegradation (Figure 10e).
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Figure 10. (a) Schematic representation for the synthesis of MXene@UiO-66 nanocomposite, (b)

bandgap of MXene, Ui0-66, MXene@UiO-66, (¢) Degradation performance of MXene@UiO-66

nanocomposite with (MB), (d) degradation of direct red 31 (DR31), and (e) Schematic

representation of MB and DR31 degradation mechanism using MXene@UiO-66 composite.

Reproduced with permission from.%® Copyright 2024, Elsevier.
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Table 2. Summary of the photo-catalytic degradation of organic pollutants by MOF/MXene based composite.

2
%Pollutant photocatal | Synthesis Catalyst Concentration Reaction conditions | Removal | Rate Reference
= yst method properties (%) constant
5 (min™)
b Band Surface | Pollutant | Catalyst | Light | Time | pH
_§ gap area conc. dose source | (min)
: V) |(m¥g |(mgL) |(mgL)
£Ciprofloxa | VCo- Solvothermal | --- 150.72 20 5 mg - 30 55 ]96.1 0.061 88
Bcin MOF@Tis
C,Ty
Ofloxacin | PA/MXOF | green 1.79 65.874 20 0.4 Visibl | 30 50 | 100 --- ok
OFL) approach e light
ulfametho | DA-M100 | Solvothermal | 2.93 8.8237 20 50 mg Xenon | 60 7.0 |92.6 --- 86
azole lamp
E:l:atracycline La- solvent 1.72 58.55 10 10 mg 300 W | 120 6.0 |924 0.00773 85
ydrochlori | MOF@MX | thermal xenon min~ !
de ene lamp
(LM -0.1)
Enrofloxaci | MX@MC | thermal 24 825 10 0.25g/L | Visibl | 60 7.0 199.0 0.069 min~ ! | 38
n (ENR) N solvent e light
Tetracyclin | TiCFe Solvothermal | 2.10 17.90 10 10 mg Xenon | 80 - 90.3 0.0286 min~ | %7
e (TC) lamp !
Tetracyclin | Sn—Bi— Solvothermal | 3.02 145.873 | 20 40 Xenon | 90 11.0 |96.2 --- 87
e (TC) MOF/Ti;C, lamp
methylene | MXene@U | Solvothermal | 4.04 347.28 20 10 mg | Mercu | 60 --- 78.0 --- 68
blue (MB) | 10-66 in situ growth ry
method Vapor
(250W
)
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direct red | MXene@U | Solvothermal | 4.04 347.28 20 10 mg Mercu | 60 --- 56.0 --- 68
231 (DR31) |10-66 in situ growth ry
§ method Vapor
; (250W
B )
=Methylene | UNiMOF/ | Electrostatic | 3.43 27.00 20 50 mg Xenon | 120 | 6.8 |99.49 2.4822 h—1 |62
Bblue (MB) | TizC, self- lamp
§ assembly
B process
pmethyl Nd/Dy- Solvothermal | 2.78 55.21 10 20 mg Sunlig | 30 3.0 93.55 0.0989 min— | 8
corange dye | MOF@MX ht !
£ ene
cetone MXene/M | Hydrotherma | 2.40 1205 200 0.1g Xenon | 60 - 95.0 0.052 min~ ! | 33
C;HqO) OF aerogel | 1 lamp
MPA-
= m/U66N-M
=Methylene | MXOF via  in-situ | 4.99 850.86 20 30 mg Mercu | 60 --- 62.0 0.0142 min~ | ®
blue (MB) growth ry !
Vapor
tetracycline | BOC/Ti;C, | Hydrotherma | 2.64 --- 20 55 mg Xenon | 120 |55 |81.0 0.05223 mg | ¥
(TC) 1 lamp L min™!
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Etetracycline | NH2-MIL- | one step | --- 329 20 0.2g/L | Xenon | 60 10.5 | 82.8 0.034 min™! | 3!
hydrochlori | 125(Ti)(Ti | solvothermal lamp
de 0,)/Ti3C2 | strategy
(MT5)
Btetracycline | Ti- electrostatic | 2.16 179.8 20 15mg | Xenon |50 --- 96.0 0.0487 min~ | 3
MOF/QDs/ | attraction lamp !
ZIS method
sulfametha | Ti- electrostatic | 2.16 179.8 30 15 mg Xenon | 40 --- 98.0 0.0487 min~ | 63
zine MOF/QDs/ | attraction lamp !
ZIS method
T13C,/UiO- | In-situ 100 10 mg Xenon | 40 2.0 100.0 0.0871 67
66-NH, growth lamp min~!
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3.1.1 Mechanisms of degradation by MOF/MXene composite;

The photocatalytic degradation of organic contaminants using MOF/MXene composites is
illustrated in Figure 11a. Photocatalytic studies have shown that MOF/MXene composite absorbs
light and energy, resulting in the excitation of electrons and the formation of electron-hole pairs.*®
°l The migration of excited electrons through the conduction bands of MOFs and MXene
suppresses electron-hole recombination, thereby enhancing radicals’ generation and improving
photodegradation efficiency. The generation of reactive radicals primarily depends on the presence
of photoexcited electrons and holes. Specifically, when the photoinduced holes (h*) interact with
water molecules, produce proton and hydroxyl radicals, while concurrently converting molecular
oxygen into superoxide radicals. The superoxide radicals then react with protons to form
hydroperoxyl radicals, which under specific conditions lead to the formation of hydrogen peroxide.
Subsequently, Hydrogen peroxide decomposes to release additional molecular oxygen and
generate more hydroxyl radicals (*OH), enhancing the oxidative environment. The self-
propagating cycle amplifies radical concentration, thereby enabling the degradation of dye
molecules into non-toxic byproducts.®® The electron transport mechanism within the Sn—Bi—
MOF/Ti3C,; heterostructure is well-aligned with the principles of a Schottky junction. Ti;C, acting
as a conductive substrate forms a Schottky barrier at its interface with semiconductors.> Upon
illumination, electrons in the valence band of the Sn—Bi—-MOF catalyst become photoexcited to
the conduction band, leaving (h*) in the valence band. The high conductivity of Ti3C2 facilitates
the rapid migration of electrons from the band of Sn—Bi-MOF conduction band to its own
structure. Over time, the accumulation of electrons in Ti3C, and holes in the valence band of Sn—
Bi-MOF leads to the formation of a space-charge layer at the interface, constituting a Schottky

barrier that effectively traps electrons and prevents their recombination.”> This mechanism
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significantly extends the lifetime of photogenerated charge carriers. Simultaneously, electrons on
the Ti;C, surface react with oxygen molecules in the electrolyte to generate superoxide radicals
(O,*7), while the holes in the Sn-Bi-MOF valence band oxidize water to form hydroxyl
radicals ("OH), both of which contribute to the degradation of tetracycline (TC) into smaller, less
harmful molecules. The suggested photocatalytic mechanisms of the Sn—Bi—-MOF/Ti;C, system,
as depicted in Figure 11b. Upon light radiation, the semiconductor photocatalyst (Sc) absorbs
photons with energy equal to or greater than its bandgap, promoting electrons from the valence
band (VB) to the conduction band (CB), and generating holes in the VB (equation 1). These
photogenerated holes oxidize water molecules adsorbed on the catalyst surface, producing reactive
hydroxyl radicals ("OH) and protons (equation 2). In addition, hydrogen peroxide present in the
reaction can accept conduction band electrons, producing hydroxyl radicals and hydroxide ions
(equation 3). Photogenerated holes may also oxidize surface hydroxyl ions, further contributing

to hydroxyl radicals’ generation (equation 4). Meanwhile, dissolved oxygen molecules capture

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

conduction band electrons to form the superoxide anion radicals (O,”) (equation 5). These

Open Access Article. Published on 22 2025. Downloaded on 02.11.25 8:55:48.

superoxide radicals subsequently react with protons to form hydroperoxyl radicals (‘OOH)

(cc)

(equation 6). Hydroperoxyl radicals can further react with each other to yield hydrogen peroxide
and molecular oxygen (equation 7). Finally, the reactive oxygen species (‘OH, O, -, ‘OOH) and
photogenerated holes degrade organic contaminants into harmless mineralized products like

carbon dioxide and water (equation 8).%4

Sc+hv — h+VB + € cB (1)
HzOz +e—cg— *‘OH + OH- (3)
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OH™ + h+ VB — "OH 4)
0,+e—CB -0, - (5)
O,'— + H+ —'O0H (6)
2'00H — H,0, + 0, (7)

*OH/O,/h* + organic pollutants — degradation products + CO,+ H,O  (8)

When irradiated with light, the MXene@U10O-66 nanocomposite generates electron-hole pairs,
with an electron in the CB and a hole in the VB. Electrons excited in the CB of MXene can transfer
to the CB of UiO-66 due to their favorable alignment. Additionally, holes are transferred from the
VB of Ui0O-66's to the VB of MXene's due to higher CB edge potential of MXene relative to UiO-
66's.”> Water molecules present in the DR3land MB dye solutions can be oxidized via
photogenerated species in the CB to produce *OH. Additionally, CB electrons can reduce ambient
oxygen to produce superoxide radicals (O;). These reactive species, including superoxide radicals
and hydroxyl radicals, synergistically degrade the MB and DR31 dye molecules into smaller, less
harmful compounds *°. The internal electric field formed at the MXene -UiO-66 interface, coupled
with charge carrier cycling, effectively suppresses the recombination of photogenerated electron-
hole pairs. As a result, the overall photocatalytic degradation efficiency of the MXene@UiO-66
nanocomposite is significantly enhanced. The proposed photocatalytic degradation mechanism

facilitated by MXene@UiO-66 is illustrated in Figure 11c.
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Figure 11. (a) The degradation method by the MXOF nanocomposite. Reproduced with
permission from.®® Copyright 2023, Elsevier. (b) The suggested photocatalytic mechanism in Sn—
Bi-MOF/Ti3C,*7 (¢) Schematic representation of MB and DR31 degradation mechanism using

MXene@UiO-66 nanocomposite. Reproduced with permission from.®® Copyright 2024, Elsevier.
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3.2 Hydrogen production by MOF/MXene composite;

Hydrogen can be used as a clean energy carrier, offering a potential alternative to fossil fuels and
reducing greenhouse gas emissions. Hydrogen production through photocatalytic water splitting
is a promising approach for producing clean and sustainable energy. MOF/MXene composites
have emerged as promising materials for photocatalytic hydrogen production due to their enhanced
charge separation and improved light absorption.”’” The combination of MOFs and MXene
optimizes the electronic structure, reducing kinetic energy barriers and improving catalytic
performance.”® The experimental studies have demonstrated the superior hydrogen evolution
performance of MOF/MXene composites, the underlying atomic-level origin of this activity
require further clarification. Recent density functional theory (DFT) investigations provide
valuable mechanistic insights into how interfacial electronic interactions dictate catalytic
efficiency. The intimate electronic coupling at MOF/MXene interface plays a decisive role in
regulating efficiency for hydrogen evolution, and density functional theory (DFT) calculations
have been instrumental in clarifying the underlying atomic-level processes. Recent work on 2D
MOF-Ti3C, Ty Schottky-type heterojunctions revealed strong interfacial charge redistribution, rate
of photogenerated carriers and simultaneously shift the metal-center d-band toward optimal H*
binding %°. In Ni-MOF/g-C3N4/Ti;C, hybrids, DFT showed that electrons preferentially flow from
MXene into Ni nodes, thereby reducing AG- H" and creating a thermodynamically more favorable
landscape for the Volmer stem.'% Beyond charge transfer, interfacial coordination and defect
chemistry introduce additional active motifs. Coordination bonding between MXene surface
terminations (-O, -OH) and MOF secondary building units generates low-coordination metal
centers that exhibit near-thermoneutral adsorption energies for H*, providing kinetically accessible

pathways for both Volmer and Heyrovsky/Tafel processes.!?! Similarly, bimetallic MOF/MXene
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composites, such as MIL-100ZIF-7/MXene, display enhanced stabilization of reaction
intermediates due to interfacial electronic synergy; a conclusion reinforced by both experimental
HER activity and supporting DFT calculation.'> Complementary reviews also highlight that
Schottky-junction behavior, widely observed in MOF/MXene heterostructues, establishes internal
fields that direct charge flow across the interface and prolong, carrier lifetime, ultimately
enhancing hydrogen evolution efficiency.'® Collectively, these computational studies converge
on a unifying mechanism: (i) directional charge transfer at the MOF/MXene interface modulates
the electronic structure of catalytic sites, (ii) defect and coordination-driven low-coordination
metal centers offer optimized hydrogen adsorption, and (iii) Schottky-type alignment suppresses
recombination and accelerates proton-electron coupling. These atomic-level insights explain the
superior hydrogen evolution performance consistently observed in MOF/MXene hybrids and
highlight the importance of rational interfacial engineering guided by theory. Summary of

photocatalytic hydrogen production long with other parameters are presented in Table 3. Many

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

researchers have studied the hydrogen production using MXene/MOF composites. For example,
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Li et al.' synthesized Ti;Co@MIL-NH, nanocomposite (Figure 12a). The BET surface area of

(cc)

the prepared catalyst was 69.2 m? g-!. The bandgap of the synthesized materials was 2.40 eV. The
prepared nanocomposite was utilized as a catalyst for hydrogen production. The Ti;C,@MIL-NH,
showed the hydrogen evolution activity of 4383.1 umol/h/g (Figure 12b), with an apparent
quantum yield of 3.140%, which was 6 times higher, and 5 times higher than that shown by pristine
MIL-NH2 and the physical mixture of MIL-NH; and Ti;C,. The Ti;C,@MIL-NH, showed higher
efficiency due the presence of Ti3C,. It is due to the fact that Ti;C, enhances the charge carrier
mobility and separation, thereby reducing the charge carrier recombination rate. The proposed

mechanisms was given in (Figure 12¢).
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Figure 12. (a) Schematic preparation process of Ti;C,(@MIL-NH,, (b) H; production over MIL-
NH,, Ti3C,&MIL-NH; and Ti;C,@MIL-NH, composites, and (¢) Mechanism for H, production
over the Ti;C,@MIL-NH, composite. Reproduced with permission from.!** Copyright 2021,

Elsevier.

Rajan et al.!%! prepared Ni-MOF/CN/TC catalyst for hydrogen production. The bandgap of the
synthesized catalyst was 2.1 eV. Ni-MOF/CN/TC catalyst produce 1044.46 pmol/g hydrogen at
pH 11 in the presence solar light (1.5AM,) using TEOA as sacrificial agent. Ti;C, (TC) was used
as a co-catalyst. The TC have different weight % which were 4, 8, and 12, which were labeled as
I5Ni-MOF/CN/4TC, 15Ni-MOF/CN/8TC and 15Ni-MOF/CN/12TC, respectively. The hydrogen

generation was determined to be 800.54 pumol/g, 1044.46 umol/g and 910.25 pmol/g, for 15Ni-
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MOF/CN/ATC, 15Ni-MOF/CN/8TC and 15Ni-MOF/CN/12TC, respectively. However, despite

having high concentration of TC, the 15Ni-MOF/CN/12TC have shown lower hydrogen

production rate because higher concentration of TC occupied active site of 15Ni-MOF as well as

they shield incident light. The sacrificial agent in the production of hydrogen was TEOA.

Similarly, Shi et al. (2022) synthesized UZT/CFMX nanocomposite as a photocatalyst for

hydrogen production (Figure 13a). The surface area of the prepared composite was calculated to

be 371.9 m? g-'. The bandgap of the prepared nanocomposite was 2.82 eV (Figure 13b). The

UZT/CFMX showed the hydrogen production rate of 2187 pmol/g/h, which was 20 times greater

than pristine UZT and four times higher than UZT/MX (Figure 13¢). The mechanisms of the

UZT/CFMX for hydrogen production were in (Figure 13d).
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I YPTYY
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\
i
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M
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Figure 13. (a) Schematic illustration for constructing the UZT/CFMX heterostructure (b) Bandgap

of UZT/CFMX, (c) H, production of UZT, UZT/MX, UZT/CFMX-5%, UZT/CFMX-15%, and
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UZT/CFMX-25%, and (d) Photocatalytic water splitting mechanism for UZT/CFMX. Reproduced

with permission from.!%! Copyright 2022, open access CC BY 4.0.

Sun et al.!% prepared Co-ZIF-9/Ti3C, nanocomposite as a photocatalyst for hydrogen production
(Figure 14a). 53.0 m? g-! was the surface area of the synthesized photocatalyst. The Co-ZIF-
9/Ti;C, had hydrogen production rate was 3538.5 pmol/g/h. The Co-ZIF-9/Ti;C, was synthesized
with various weight % of Ti3C2, i.e., 2.0 wt%, 2.5 wt%, and 3.0 wt% which was denoted as
CZT2.0, CZT2.5 and CZT3.0, respectively. CZT2.5 had the highest hydrogen production which
was (3538.5 pmol/g/h), which was 9.6 times as high as that of pristine Co-ZIF-9. The Co-ZIF-9
have low photocatalytic activity of (356.0 pmol/g/h), because of the quick recombination of
electron hole. Hydrogen production rate of different catalyst was given in (Figure 14b). The
apparent quantum yield of the prepared photocatalyst was 4.8 % at 420 nm. The sacrificial agent
was Na,S (0.1 M)/Na,SO5 (0.5M). 300 W xenon lamp was the light source. Mechanism for H,-

production over the Co ZIF-9/Ti;C, composite (Figure 14c).
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Figure 14. (a) Synthesis of Co-ZIF-9/Ti;C,, (b) comparison of H,- production rate over different

samples, and (d) Mechanism for Hj-evolution over the Co-ZIF-9/Ti;C,. Reproduced with

permission from.!% Copyright 2022.

Tian et al.3? synthesized Ti;C,/TiO,/UiO-66-NH, nanocomposite as photocatalysts for hydrogen

production (Figure 15a). The prepared photocatalysts have the surface area and bandgap 987.5 m?

g-land 2.75 eV, respectively (Figure 15b). The prepared photocatalysts was utilized for hydrogen

generation. Ti3C,/Ti0,/Ui0-66-NH; had the hydrogen evolution activity of 1980 umol/h/g which

was about 2.5 times and 1.5 times higher than that of UiO-66-NH, and Ti;C,Tx/UiO-66-NH,

respectively. The hydrogen production rate of different materials were given in (Figure 15¢). The
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hydrogen production rate increases by the addition of TCA (co-catalysts). The proposed

mechanisms for hydrogen production were given in the (Figure 15d).
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Figure 15. (a) Diagrammatic representation of a possible chemical route for the synthesis of
Ti13C,/Ti0,/Ui0-66-NH,, (b) Bandgap for Ti;C,/Ti10,/UiO-66 NH, nanocomposite, (c) The as
prepared samples had average H, production, and (d) Charge-transfer paths for Ti;C,/Ti0,/UiO-

66-NH, are shown schematically. Reproduced with permission from.>? Copyright 2019, Elsevier.

44


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp02795k

P

Open Access Article. Published on 22 2025. Downloaded on 02.11.25 8:55:48.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unpo@d Li

(cc)

e 45 of 66

Physical Chemistry Chemical Physics

Table 3. Summary of the photo-catalytic hydrogen production

Catalyst | Co-catalyst Bandgap | Surface Reaction Conditions Sacrificial Hydrogen Apparent | Reference
(eV) area Catalyst Light Time agents Production quantum
(m*g) | dosage | Source | (min) (umol g h7™") | yield (AQY)
(mg)

Ti;C,@ | TizC, 2.40 69.2 70 300 W | 180 0.3 mL | 4383.1 3.140% 104
MIL- Xenon TEOA
NH, arc lamp
Co-ZIF- | --- - 53.0 50 300 W - Na,S (0.1 | 3538.5 4.8% 420 nm | 105
9/T15C, Xenon M)/Na,SO;

lamp (0.5M)
UZT/CF | MX or CFMX | 2.82 371.9 --- Xenon --- TEOA 2187 --- 101
MX lamp
Ti- --- 2.16 179.8 25 Xenon --- 035M 2931.9 --- 63
MOF/Q lamp Na,S and
Ds/ZIS 0.25M

NaZSO3

TiO,- CoS, and | --- --- 20 300 W |- Methanol 950 --- 106
Ti13C,- Ti3C2 Xenon
CoS, lamp
Ti;C,/Ti | TCA 2.75 987.5 20 300W -- 0.1 M Na,S | 1980 --- 52
0,/U10- Xenon and 0.1 M
66-NH, lamp Na,SO;3
TT/CuT | --- 1.74 -—- 10 300W 360 TEOA 19,060 -—- 107
MOF Xenon

lamp
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Ti3C,/Ut | --- 2.67 984 20 350 W |- 0.1 M Na,S | 204 --- 34
0-66- Xenon and 0.1 M
NH, lamp Na,SO;
(TU10)
Ni- Ti3C, (TC) 2.1 -—- 5 Solar 3h TEOA 1044.46 -—- 100
MOF/C light
N/TC (1.5AM,)
TiO,/Tiz | --- --- 34829 | --- Visible 60 methanol 570 -—- 108
Cr— light min
TiC/CZ
UNH
TCs/Cu- | --- 1.73 20.3 10 300 W | 360 triethanola | 1690 -—- 109
PMOF Xenon mine

lamp
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3.2.1 Mechanisms of hydrogen production by MOF/MXene composite;

The photocatalytic water splitting process, can be divided into two main stages: PEC (photo-
electrochemical) and photocatalytic reactions.!'!? In particular the PEC process utilizes light energy
to initiate a chemical reaction that results in hydrogen (H,) production. During this process, a
semiconductor material is typically submerged in an electrolyte solution to enable the reaction.
Upon exposure to light, the semiconductor absorbs photons, initiating the generation of electron-
hole pairs. These excited charge carriers are then separated by internal electric field or an externally
applied bias a phenomenon known as charge separation. Next in a redox mechanism, the excited
electrons migrate to the cathode (also known as the photocathode) whereas they reduce water
molecules to form hydrogen gas. Simultaneously, the photo-generated holes move to the
photoanode, where they oxidize water to generate oxygen. These electrons flow through an
external circuit from the photoanode to the photocathode, completing the circuit in a process called

electron transfer. This led to the final stage known as gas evolution, where hydrogen is released at

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

the cathode and oxygen at the anode. When light with energy exceeding the semiconductor band

Open Access Article. Published on 22 2025. Downloaded on 02.11.25 8:55:48.

gap strikes the photoanode, electrons are excited into conduction band (CB), while holes remain

(cc)

in the valence band (VB). These photogenerated electrons travel through the external circuit to
reach the cathode, facilitated by the potential difference across the photoanode. At the cathode,
protons (H") in the solution are reduced to form hydrogen gas.''! A possible mechanism for
photocatalytic hydrogen production is illustrated in the (Figure 16). In this mechanism, light
energy excites the semiconductor (SC) producing an electron-hole pair (equation 9). The hole
participates in oxidizing water molecules, producing protons and releasing oxygen gas (equation
10). This oxidation reaction is crucial part of the overall water splitting process, which releases

electrons, protons, and oxygen (equation 11). Finally, the generated electrons reduce protons to
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produce molecular hydrogen (equation 12). Overall, the water splitting reaction yields hydrogen

Open Access Article. Published on 22 2025. Downloaded on 02.11.25 8:55:48.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

and oxygen gases, requiring an energy input of 237 kJ/mol of energy (overall reaction) (reaction

13).%4

Light absorption: sc + hv— e~ + h* 9)
Oxidation of water: 4 h* + 2H,0 — 4H" + O, (10)
Water splitting reaction: 2H,0 — O, + 4H" + 4e~ (11)
Reduction of protons: 4H* + 4¢~ — 2H, (12)
Overall water splitting: 2H,0 — 2H; + O, AG = 237 kJ/mol (13)
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Figure 16. (a) TT/CuTMOF nanocomposite photocatalytic mechanism. Reproduced with
permission from.'9” Copyright 2023, Elsevier, (b) Possible photocatalytic mechanism for H,-
evolution over the Co ZIF-9/Ti;C, composite. Reproduced with permission from.!% Copyright
2022, (c) Schematic of the photocatalytic water splitting mechanism for UZT/CFMX. Reproduced

with permission from.!%! Copyright 2022 open access CC BY 4.0

3.3. Energy storage as a supercapacitor by MOF/MXene composites;

Supercapacitors, also known as ultracapacitors or electrochemical capacitors, are energy storage
devices that bridge the gap between traditional capacitors and batteries. They store energy through
electrostatic ~ double-layer capacitance, enabling high power density and rapid
charging/discharging capabilities.!'? With their ability to deliver high power pulses,
supercapacitors are suitable for applications requiring rapid energy storage and release. They also

boost a long cycle life, withstanding millions of charge/discharge cycles, and can charge discharge

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

quickly.!!? These properties make supercapacitors ideal for various applications, including energy

Open Access Article. Published on 22 2025. Downloaded on 02.11.25 8:55:48.

storage. By storing energy generated from the renewable sources and releasing it when needed,

supercapacitors can help improve energy efficiency and reduce our reliance on fossil fuels.?® For

(cc)

example, Wei et al. (2024) prepared MXene@NiCo-MOF nanocomposite and act as anode
(Figure 17a). The prepared nanomaterial surface area was 50.63 m? g!. The synthesized
nanocomposite had the energy density and power density 40.23 Wh kg™!, and 1495.07 W kg!
respectively. The capacitance of the prepared nanocomposite was 2720 (F g=!) at current density
of 1 A g1, respectively (Figure 17b). The capacitance retention was found to be 93.21 % after
10,000 cycles (Figure 17¢). The electrolyte used in MXene@NiCo-MOF was 2 M KOH.!'* Table

4. Depicting the MXene/MOF based supercapacitors.
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Figure 17. (a) A simplified representation of fabrication method of the MXene@NiCo-MOF, (b)
Specific capacitance of four electrodes, and (c) cycling stability for 10000 cycles of as-prepared

electrode. Reproduced with permission from.!''* Copyright 2024, Elsevier.

Lu et al. (2022) Synthesized M-NiCo,0,@NiCo-MOF/CC nanocomposite and as anode for
supercapacitor through hydrothermal approach and electrodeposition process. The synthesized
nanocomposite had the power density and energy density 750 W kg g!, and 56.7 Wh kg!

respectively. The capacitance of the prepared nanomaterials was 2091.0 F g-! at current density of
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1 A g'!. The capacitance retention was found to be 90.3% after 6000 cycles. The electrolyte used
in M-NiC0,04@NiCo-MOF/CC was 3 M KOH. Thakur et al.?® synthesized Ti;C,Ty/Ni-MOF
nanocomposite through solvothermal method for its use as an electrode material for supercapacitor
(Figure 18a). The surface area of the synthesized nanomaterial was 166 m? g~ !. The power density
and energy density of the prepared nanomaterial were 331.8 W kg!, and 19.4 Wh kg!,
respectively. The capacitance of the synthesized nanocomposite was 139.4 F g-! at current density
of 1 A g7, respectively (Figure 18b). Capacitance retention was determined to be 95 % after 5000

cycles (Figure 18c¢). Polyvinyl alcohol in 1 M H,SO,4 was used as an electrolyte.
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Figure 18. (a) Schematic representation of the synthesis of Ti;C,Tx/Ni-MOF composite, (b) GCD
curve of Ti;C,Tx/Ni-MOF composite at varied current densities, and (c¢) Cyclic stability

performance of the device. Reproduced with permission from.?¢ Copyright 2024, Elsevier.

Shivade et al.?” used a solvothermal approach to synthesized Ni-MOF/MXene composite as a
positive electrode for supercapacitor. They employed folic acid as a biological organic linker, in
the preparation of Ni- MOF/MXene composite. The power density and energy density of the

prepared nanocomposite were 2.841 KW kg~!, and 23.28 Wh kg!, respectively. The synthesized
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Ni-MOF/ MXene composite has a current density of 1 A/g, in a 1 M KOH electrolyte and current
density capacitance of 716.19 F g, respectively. The capacitance retention was found to be
97.84 % after 2000 cycles. Shalini et al.’® prepared 100 MX-MN nanocomposites as a positive
electrode using hydrothermal method (Figure 19a). (Shalini et al., 2024) used numerous ratios of
MX such as 50 mg, 75 mg, 100 mg, and 150 mg were prepared and termed 50 MX-MN, 75 MX-
MN, 100 MX-MN, and 150 MX-MN, respectively (Figure 19b). BET surface area of 100 MX-
MN was 251. 77 m? g-! (Figure 19¢). When compared to other materials, the materials with highest
surface area showed best electrochemical properties. Electrochemical procedures such as GCD
and CV were carried out. Specific capacity of 100 MX-MN composite was 1028 C g! at current
density 1 A g!, respectively. The specific capacity of all composite at 1 A g! were given in
(Figure 19d). The energy density of 100 MX-MN was 87. 35 W h kg! and power density 1.98

kW kg, respectively. After 10,000 cycles 88% was the capacity retention.
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distribution curves of the 100 MX- MN composite, and (d) specific capacity of all the composite

at 1 A g'' Reproduced with permission from.>¢ Copyright 2024, Elsevier.
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Table 4. Summary of MOF/MXene composites for supercapacitor

Physical Chemistry Chemical Physics

MOF/MXene Electrolyte | Surface | Capacitance Current Energy | Power Capacitance Reference
composite area density/Scan | density | density retention
(m?%/g) rate (A g7') | (Whk (Wk g™ (Cycles)
g™

CA@MIL-101- KOH 208 2720 (F g71) 1.5 38 1280 84% /10,000 115
(Cr)/Ti3C2T
MXene@NiCo-MOF 2MKOH |50.63 2078.1 F-g! 2 40.23 1495.07 93.21%/10,000 | 14
MIL-100(Fe)/Ti;C, KOH 52949 |962.17F g'! 0.5 85.53 200 93% /10,000 116
MOF/MXene/NF- 1 M KOH 2453 F/g 1 46.3 746.8 118.1%/15,000 | 117
300//AC/NF
NiCo-MOF/Ti3C2Tx 2MKOH |22.56 8152 A g'! 1 39.5 562.5 82.3%/ 10,000 | 118
MOF-5/V,CT,//AC 3MKOH |83 235C/g 2-3.5 48.75 920 95%/ 16,000 119
M-NC@NCM/NF NiCo 21375F g'! 1 32.6 7000 75.3% /5000 120

solution
T1;C,T,/Ni-MOFs 6 MKOH |96.6 1124 F ¢! 1 46 0.8 74.8% /4000 121
CoTC-300//AC 1.0M 217.3 C cm™) 10 Am™ 176.3 337.5 WL |100% /5000 122

KOH
Ni/Co-MOF@TCT- 3.0M 129.22 | 1924 F-g! 0.5 98.1 600 99.3% /15,600 | 123
NH,//AC KOH
Ni-MOF/MXene 1 M KOH 716.19 F/g 1 23.28 2.841 97.84% /2000 | 27
100 MX-MN 2MKOH |[251.77 | 1028 Cg'! 1 87.35 1.98 88% /10,000 36
T1;C,T,/Ni-MOF Polyvinyl 166 139.4 F/g 1 19.4 331.8 95% /5000 26

alcohol in

1 M H,SO,4
Ni-MOF/T1;C, T, KOH/PVA | 167.74 |497.6 F-g! 0.5 2239 1953.3 85% /1000 124
MnO,@Co0304- PVA/KOH 475.4 mAh g! 1 72.5 832.4 90.36% 125
PC@MX-CNF /10,000
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NiCo-LDH/Ti3C,Ty-5 2 M KOH 121.38 635.7Cg! 1 44.6 852.5 85.71% 126
/10,000

NiCo-MOF/T1;C,Tx 2MKOH |22.56 8152 F g! 1 39.5 562.5 82.3% /10,000 | '8

M-NiCo,04@NiCo- 3 M KOH 2091.0 F g'! 1 56.7 750 90.3% /6000 127

MOF/CC

MXene-FeCu PVA 460 mAhem2 | 3 mA cm™2 33.3 503 89% /10,000 128

MOF@NF /KOH
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4. Conclusion and Future Perspectives

MOF/MXene composites represent a highly promising class of multifunctional materials that
synergistically integrate the high porosity, tunable framework, and catalytic versatility of MOFs
with the superior electrical conductivity, mechanical strength, and surface functionality of
MXenes. This overview provides a comprehensive summary of the synthesis strategies, structural
architectures, and practical applications of these hybrids across diverse fields, including energy
storage, catalysis, sensing, and environmental remediation. Despite the remarkable progress
achieved, several challenges remain that directly influence their large-scale applicability and
functional efficiency. The intrinsic instability and limited conductivity of conventional MOFs,
combined with the oxidation sensitivity and surface degradation of MXenes, often lead to
inconsistent interfacial bonding and compromised electronic pathways. Furthermore, the structural
compatibility between MOF frameworks and MXene layers significantly affects ion transport,

active site accessibility, and overall charge-transfer efficiency, highlighting the importance of

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

precise interface engineering. Similarly, the selection of metal nodes, organic linkers, and surface

Open Access Article. Published on 22 2025. Downloaded on 02.11.25 8:55:48.

terminations plays a decisive role in tuning redox activity and catalytic selectivity. Understanding

(cc)

and optimizing these interfacial and compositional parameters are therefore central to improving
performance consistency and device reliability. With rational structural design, advanced synthesis
control, and deeper insight into interfacial phenomena, MOF/MXene composites can evolve from
promising laboratory materials to practical systems capable of addressing critical challenges in

clean energy, environmental sustainability, and advanced sensing technologies.

Future research should prioritize the following essential directions;

Advance materials design; Look beyond traditional ZIF and MIL MOFs to discover new 2D/2D

designs and heterostructures that improve charge transfer and increase electrochemical activity.
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Interface Engineering; Create strategies for controlled chemical and physical bonding between

MOF and MXene, using surface functional groups to create well-ordered heterojunctions.

Green synthesis approaches; Shift to environmentally friendly and scalable fabrication technique
to enable industrial-scale manufacturing, abandoning harmful etchants and high- energy

procedures.

In- situ characterization and simulation; Use modern in- situ instruments and computer
simulations to better understand composite structural evolution, electronic interactions, and real

time behavior under operational settings.

Application-Specific Optimization: Modulate factors such as morphology, dimensionality, and
surface chemistry to optimize composite structures for improved performance in specific domains

such as supercapacitors, photocatalysts and sensors.

Biological and photonic integration: Take advantages of MOF biocompatibility and MXene

optical characteristics to create biomedical carriers, SERS platforms and plasmonic devices.
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Advance materials design that improve charge
transfer and increase electrochemical activity

Strategies for controlled chemical and

Future physical bonding between MOF and MXene.

perspectives Shift to environmentally friendly and
scalable fabrication technique to enable

industrial-scale manufacturing.

Modern in- situ instruments and computer
 simulations to better understand
composite structural evolution, electronic
interactions,

Modulate factors for improved performance in
specific domains such as supercapacitors,
photocatalysts and sensors.

ake advantages of MOF biocompatibility and MXene
optical characteristics to create biomedical carriers,
SERS platforms and plasmonic devices

Figure 20. Proposed future research direction for MXene/MOFs composite.
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