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chemistry with electrochemical performance, this review outlines a framework for designing
MZXene/MIL-53 composites that balance energy and power densities for durable, sustainable
energy storage.

1. Introduction

The continuous demand for sophisticated energy storage systems has created an urgent necessity to develop materials that possess
advanced and efficient electrochemical energy storage capabilities, including batteries [1], capacitors, and supercapacitors that utilize
the principles of electrochemical reactions [2,3]. The demand for advanced electrochemical energy storage (EES) systems has
accelerated research into electrode materials that can simultaneously deliver high energy density, rapid charge-discharge rates, and
long-term cycling stability [4-6]. Conventional systems such as lithium-ion batteries and supercapacitors face inherent trade-offs,
which batteries provide high capacity but suffer from limited rate performance, while supercapacitors offer fast kinetics yet rela-
tively low energy density [7-9]. This has driven interest in two material families with complementary features: two-dimensional
MXenes, known for their metallic conductivity and tunable surface chemistry, and metal-organic frameworks (MOFs), valued for
their high porosity and structural flexibility [10-12]. Integrating these materials, particularly MXene/MIL-53 composites, offers a
pathway to overcome current limitations by enhancing ion transport, interfacial stability, and charge storage mechanisms [13],[14].
This review critically examines synthesis strategies, structure-property relationships, and performance comparisons of MXene/MIL-53
composites, while identifying research gaps and future directions for next-generation energy storage devices.

Electrochemical energy storage systems function through the effective transformation of electrical and chemical energy via mobile
ions with minimal combustion [15],[16]. These EES present numerous benefits, such as substantial energy storage capacity, improved
ionic conduction, and elevated specific capacitance. Lithium-ion batteries and supercapacitors fundamentally depend on electrode
materials characterized by high electroactivity, conductivity for electrons or ions, and stability in terms of structure or electro-
chemistry [17]. The effective operation of these electrochemical devices is contingent upon the properties and mechanisms associated
with the specific electrode being examined. The mechanisms pertinent to the electrode in question have led to the identification of
three primary categories of electrochemical energy storage systems: capacitive types, pseudocapacitive types, and the battery type,
which functions through faradaic reactions [18-20]. Despite the advent of rechargeable batteries and similar technologies that utilize
Lit, Na*, Mg?*, and AI®* as mobile ions for energy conversion [21], supercapacitors and capacitors provide high power density and a
long operational lifespan across a broad spectrum of temperature applications [22].

Recent studies have illustrated the electrochemical characteristics of different MOF/MXene composites. However, there is still a
lack of specific research documenting the electrochemical performance of TigCoTx/MIL-53 composites. Several excellent reviews have
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Fig. 1. Illustration of the synergistic effects of MXene/MOF composites as well as their individual properties [25].
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recently summarized MXene/MOF hybrids for energy storage, including the works by Venkateswarlu et al. [23] and Ji et al. [24].
These reviews provide broad overviews of synthesis strategies and electrochemical performance, but they do not specifically focus on
the MIL-53 framework or systematically link synthesis routes, surface terminations, and interfacial engineering to charge storage
mechanisms and cycling stability. In contrast, the present review highlights the distinct role of MXene/MIL-53 composites, critically
maps the process—structure-property relationships, and consolidates the most recent advances to identify research gaps and future
directions for next-generation electrochemical energy storage devices. Fig. 1 illustrates the diverse properties of MXenes and MOFs, as
well as their synergistic effects, which demonstrate robust attributes for electrochemical energy storage systems.

1.1. Structure and properties of MXenes

Although the properties of MXenes have been extensively reviewed in the literature, this section provides a focused summary of
only those features that are most relevant to their integration with MIL-53 composites. In particular, the discussion emphasizes surface
terminations, interlayer spacing, electronic conductivity, and dispersion behavior, which are the critical parameters influencing the
synergistic interaction between TizC2Tx MXene and MIL-53 frameworks in electrochemical energy storage applications. MXenes were
first reported in 2011 by Gogotsi and colleagues at Drexel University [26]. They are two-dimensional transition-metal carbides, ni-
trides, or carbonitrides obtained by selectively etching the “A” element from MAX phases. Their layered structure, high metallic
conductivity (up to 200,000 S/cm) [27], and tunable surface terminations (-O, -OH, —-F) endow them with unique electrochemical
properties [28],[29]. Hydrophilicity and large interlayer spacing promote ion diffusion, while strong M—X bonds provide structural
stability. Of particular relevance to this review, surface terminations and interlayer spacing critically determine MXene’s compatibility
with porous frameworks such as MIL-53, making them essential parameters for optimizing charge storage and cycling stability in
hybrid composites [30-32]. Fig. 2 illustrates the different MXene phases that can be obtained through the appropriate etching pro-
cedures from the MAX phase [11].

In terms of high electrochemical performance, MWCNT/V,CT, hybrids have exhibited a remarkable capacitance of 1872 F/g with a
capacity retention of 94 % after 1000 cycles, indicating an enhancement in reaction kinetics and outstanding conductivity [33]. The
rapid charging and discharging rates, attributed to its inter-layer spacing, have significantly improved the storage capacity of electrode
materials. These accomplishments stem from the inherent properties of ionic conductivity and the capacity to accommodate various
customizations of the electrode in question [34]. In the realm of electrocatalysts, MXene-based materials present numerous avenues for
the design and development of electrode materials [35]. Research has indicated the semiconductor characteristics of certain MXenes,
which possess a band gap energy of 28.7 eV, rendering them promising candidates for co-catalytic applications [36]. The Ti3Cy Tk type
represents one of the pioneering families of MXenes. This particular type is extensively studied due to its distinctive hydrophobic
properties, substantial inter-layer spacing, straightforward etching process, as well as its optical and electrochemical attributes.

The Ti3C,Tx MXene exhibits a remarkable combination of elevated electron density and significant metallic conductivity [37],[38].
It has surfaced as an exceptional material with a wide range of applications, including water splitting and the synthesis of green
hydrogen [39]. Various preparation methods, such as high-temperature self-propagating synthesis, chemical vapor deposition (CVD),
sintering, arc-melting, sputtering, and chemical deposition, along with solvothermal and hydrothermal techniques, have been utilized
for the synthesis of MXenes since their initial discovery [40],[41]. The surface termination groups (—O, OH, and —F) provide MXenes
with the capability to create hydroxyl networks within a polymeric matrix, facilitating ionic pathways that enable MXenes to engage
with other materials, thereby forming MXene-based composites characterized by robust electrochemical properties [42],[43]. The
layered architecture of MXene promotes ion interactions, enhancing its high surface reactivity and hydrophilicity. Notable attributes
such as outstanding thermal and chemical stability, ideal crystal structure, tunable band gap energy, extensive surface area, and
superior electrochemical properties and surface reactivity have positioned MXenes for a multitude of applications [44].

MXenes’ structural features are well established: XRD confirms their layered configuration and interlayer spacing, scanning
electron microscopy (SEM) reveals characteristic sheet morphologies, and Fourier-transform infrared spectroscopy (FTIR) identifies
surface terminations [45-47]. These properties are not just fundamental descriptors but directly govern electrochemical behavior. For
instance, large interlayer spacing enhances ion diffusion, while -O and ~OH groups improve wettability and interfacial bonding with
MOFs [48]. In the context of MIL-53 integration, these features become decisive: hydrophilicity enables uniform MOF nucleation,
metallic conductivity ensures rapid charge transport, and surface terminations regulate interfacial stability [49-51]. Thus, rather than
standalone properties, MXene characteristics must be critically assessed for how they complement the porosity, flexibility, and
“breathing” nature of MIL-53 to achieve enhanced energy storage performance [52]. While features such as the “accordion-like”
morphology and tunable band gap values have been widely reported, their importance lies less in description and more in function
[53-55]. The layered architecture facilitates ion intercalation, while surface functional groups regulate electron transfer and chemical
reactivity [56]. High metallic conductivity supports rapid charge transport, and hydrophilicity promotes dispersion in solution-based
synthesis routes [57]. Critically, these characteristics position MXenes as versatile partners for MOFs: their conductivity offsets the
intrinsic limitations of MIL-53, while the MOF’s porosity and flexibility counteract MXene restacking and oxidation [52]. Hence, rather
than viewing these attributes in isolation, it is their combined role in enabling stable, high-performance MXene/MIL-53 hybrids that
defines their true value for electrochemical energy storage.

1.2. Overview of the TizCyTy MXene

The Ti3C2Tx MXene is known for its exceptional thermal and chemical stability, customizable surface chemistry, high ionic con-
ductivity, and remarkable mechanical properties [58]. The structure of TizC,Ty MXene features an alternating arrangement of
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titanium and carbon layers. Following meticulous surface exfoliation from the MAX phase, Ti3C,Tx MXene acquires hydroxyl (OH),
oxygen (0), and fluorine (F) functional groups, which are contingent upon the etching process. Typically, it is synthesized using an
aqueous hydrofluoric acid solution to remove the aluminum atomic layers from the hexagonal Ti3AlC,. Post-etching, the Tx groups
predominantly remain on the surface of the etched MXene [59],[60]. The Ti3C2Tx MXene composite nanosheet exhibits a remarkable
electrical conductivity of 4.52*10~* S/m, a tensile strength of 66.2 MPa, and an impact strength of 24.2 24.2 Kj/m? with a 1.2 wt%
content of TizC2Tx MXene composite, as measured by the electrochemical conductivity and mechanical properties assessments con-
ducted by Feng et al. [61]. This indicates its potential as a highly conductive filler for electrically conductive adhesives with substantial
mechanical strength [62]. The well-defined porosity, extensive surface area, and numerous oxygenated functional groups of TizCyTx
MXene has led to its specialized application in core-shell spheres for the ultrahigh removal of mercuric ions. The synthesized
microsphere serves as a unique adsorbent for heavy metal removal from water, demonstrating an exceptional adsorption capacity of
932.84 mg for Hg?" ions [63]. The chemical tunability of TisC,T, MXene enhances its functional properties, particularly as a negative
electrode in sodium-ion batteries [64],[65]. The Ti3CyTx MXene obtained under high hydrofluoric acid concentration after thermal
treatment at 300 °C exhibited a capacitance of 110 mAh/g at 30 mA/g as a negative electrode for sodium-ion batteries, showcasing
excellent capacity retention [66]. Fig. 3 illustrates the double transition metal MXenes, which differ from their mono counterparts in
that two transition metals occupy the same layer [67].

2. Synthesis of Ti;C,Tx MXene

Although numerous reviews have already detailed the synthesis of MXenes, this section highlights only those methods most
relevant to their integration with MIL-53 frameworks. The choice of synthesis route is critical because it governs surface terminations,
interlayer spacing, and oxidation stability parameters that directly influence MXene’s interfacial bonding and electrochemical synergy
with MIL-53. In particular, etching strategies (HF, LiF/HCI, molten salt, electrochemical, and free-water) determine not only MXene
quality but also its compatibility with porous MOF structures, making synthesis a decisive factor in tailoring Ti3zC2Tx/MIL-53 com-
posites for advanced energy storage [40],[68]. For example, Gogotsi and colleagues first used 50 % HF to remove aluminum from MAX
phases and obtain TigCyTx MXene [69],[70]. however, this method produces F-rich surfaces that hinder electrochemical performance
and raise safety concerns. More environmentally friendly alternatives, such as LiF/HCl and fluoride-free routes, generate stable
MXenes with surface terminations more compatible with MOF frameworks [71]. Fig. 4 shows the general synthesis techniques for the
preparation of Ti3CyTy MXene nanosheets.

2.1. The LiF etching method

Synthesis techniques such as LiF or HCI have been utilized to produce Ti3C,Tx MXene at a temperature of 40 °C, enhancing
delamination and exfoliation while considering the reaction temperature and washing solvent [73]. The exfoliation processes are
expedited by increasing the etching temperature, and at 35 °C, this can either enhance or diminish the delamination ratio. Typical
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Fig. 3. Precursors of MXenes and their synthesis. (a) The selective etching of the A group layers (red atoms) and the three different mono-M MAX
phases, M2AX, M3AX,, and M4AX». (b) Selective etching and the production of surface terminations, or yellow atoms identified as T, result in the
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Fig. 4. General synthesis techniques for the preparation of TizC;Tx MXene nanosheets.
Reproduced with permission from the Ref. [72].
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synthesis conditions reported in the literature involve HF concentrations up to 50 % or LiF/HCl mixtures, with etching conducted at
35-40 °C for several hours, followed by repeated washing and sonication for delamination [71-73]]. These parameter ranges, while
variable across different studies, are highlighted here to enhance clarity and reproducibility without repeating full experimental
protocols. Following one hour of basic sonication, rinsing the exfoliated product with ethanol significantly boosts the delamination
ratio, reaching up to 29.2 % compared to distilled water [74]. The synthesized MXene exhibited a capacitance of 226.3 mAh/g when
employed as the anode in a lithium-ion battery [75]. Abdullah et al. [76] investigated the impact of various etching agents on the
synthesis of Ti3C, Ty MXene for electrochemical energy conversion. The synthesized PtRu/MXene using the FeF3/HCI etching method
was evaluated for morphological characteristics, particle size distribution, surface chemistry, and elemental analysis through FESEM,
XPS, and EIS, along with electrochemical analysis via cyclic voltammetry, revealing the highest peak density, which was measured to
be 12.3 times 3.63 times greater [76]. A thorough review by Jayakumar et al. [77] also highlighted the advantages of innovative
methods such as the LiF + HCI etching route over the conventional HF etching method. Fig. 5 shows a schematic representation of the
Ti3AlC, exfoliation process.

2.2. Molten salt etching method

An alternative approach that provides a green synthesis and environmentally sustainable technique is the molten salt method. This
method has emerged as a non-toxic and non-hazardous fluoride-free technique that is both green and scalable for the synthesis of
MXenes. Various Lewis acids, including AgCl, CuCly, SnCls, and CoCly, are effective in preparing uniform halogen-terminated MXenes.
This technique enables the engineering of surface chemistry for MXenes, resulting in exceptional capacity and rate performance [79].
The molten salt method is favored for its versatility, which eliminates the necessity for the HF etching method while allowing for
controlled surface chemistry of the resulting MXenes. It also facilitates the incorporation of functional groups that are challenging to
achieve through the HF route. This approach is recognized for its customized electronic properties and enhanced chemical reactivity
[80]. Liu et al. [81] successfully synthesized the exfoliation and delamination of Ti3Cy Tx MXene using the molten salt etching method.
The synthesized sample underwent sonication to separate the MXene layers. The resulting MXene, utilized as a Li-ion anode, achieved a
high specific capacity of 225 mAh/g at a 1 °C rate, along with an excellent rate capacity of 95 mAh/g at 167 °C. These results un-
derscore the significance of tunable chemistry in MXenes, leading to improved electrochemical performance [81]. Fig. 6 illustrates the
synthesis of Ti3CyCl, from the MAX phase using the molten salt method.

2.3. Electrochemical etching method

One of the recently developed etching techniques for synthesizing MXenes, which avoids the use of fluoride-based etchants, is the
electrochemical etching method [83]. This technique necessitates the presence of both an electrode and an electrolyte for the reaction
to take place. The aluminum layer of MAX is removed with the aid of the electrolyte through an anodic reaction, utilizing Ti3AlC, as
the electrode material where the etching occurs [84]. Yin et al. [85] have reported the synthesis of Ti3C,Tx MXene with controlled
fluorination via the electrochemical method for applications in lithium-ion batteries. The resulting TizCoTx MXene exhibited elec-
trochemical activity, contributing to the remarkable cycling stability of MXene anode-based lithium-ion batteries [85]. A simplified
fluoride-free synthesis of Ti3C,Tx MXene through electrochemical etching was employed to produce a high-performance electro-
chemical capacitor. The resulting delaminated MXene (Ti3CTy) flakes measured 3.8 pm in size and 3.9 nm in thickness, demonstrating
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Fig. 6. Synthesis of Ti3C,Cl, from the MAX phase using the molten salt method. Reproduced with permission from the Ref. [82].
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exceptional stability in aqueous solutions for a duration of two weeks. The filtered Ti3CoTx film exhibited a tensile strength of 20.5
MPa, a Young’s modulus of 13.4 GPa, an electrical conductivity of 1663 S/cm, and a specific capacitance of 323.7F/g [86]. Wu et al.
[87] utilized the electrochemical synthesis method to investigate the electrochemical properties of V, C MXene in both open and closed
environments at 90 °C. The open process was conducted using an oil bath under atmospheric pressure, while the closed process was
performed through hydrothermal reactions under high pressure. The samples synthesized in the closed environment demonstrated
superior purity and a well-layered structure compared to those produced in the open environment, indicating enhanced electro-
chemical performance as an anode material for lithium-ion batteries [87]. Ti3C;Tx MXene sheets prepared using a selective HF etchant
solution exhibited a sheet-like morphology with excellent electrochemical performance, confirming the presence of titanium and
carbon following EDS analysis [88].

2.4. Free-water etching method

Free-water etching has recently been recognized as an alternative synthesis technique for producing Ti3CyTx MXene, which pro-
vides exceptional stability to the resulting products. This method utilizes polar organic solvents during the etching process, capitalizing
on the hydrophilic characteristics of Ti3C3Tx MXene [89]. Natu et al. [90] documented the synthesis of two-dimensional Ti3CyTx
MXene through the free water etching of Ti3AlC, in polar solvents. The resulting MXene was extensively fluorinated, exhibiting
remarkable properties, including optical, electronic, and catalytic attributes when using NH,HF; in a polar solvent. In comparison to
oxygen-rich terminations achieved with water as the etchant, the electrode produced demonstrated superior capacitance as an anode
for sodium-ion batteries [90],[91]. The application of deep eutectic solvents (DES) at near-ambient temperatures has been shown to
yield few-layered Ti3C,Tx MXene with an optimal capacitance of 320F/g at a rate of 2 mV/s. The Ti3C,Tx MXenes synthesized via DES
displayed long-term stability, maintaining up to 97 % capacity retention over 50,000 cycles at a current density of 50 mA/g. The
Ti3CyTx MXene synthesized in this manner features O-termination with minimal oxidation and exceptional specific capacitance,
resulting in a higher inter-layer spacing compared to TizC2Tx MXenes etched with water [92]. Managing the surface termination of
Ti3CyTx MXenes significantly improves oxidation stability in sensitive applications, as the exposure of Ti-OH layers accelerates the
oxidation process [93].
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3. Overview of MOFs

Metal Organic Frameworks, in contrast, are crystalline substances composed of metal nodes interconnected by organic linkers,
resulting in a substantial surface area characterized by intricate porous structures [94-96]. These frameworks are frequently utilized
for gas storage owing to their extensive surface area and exceptional porosity [97]. Nevertheless, comprehensive investigations have
revealed additional uses for MOFs, including liquid or gas adsorption and the development of electrodes in batteries and super-
capacitors for energy storage purposes [98], thereby opening avenues for extensive research. The organic ligands present in MOFs can
serve as a carbon source to create uniform structures in either two-dimensional or three-dimensional carbon frameworks, enhancing
electrical conductivity for use as electrode materials [99],[100]. MOFs exhibit structural diversity with adjustable active centers when
utilized in energy conversion applications. The inherent porosity of MOFs facilitates the encapsulation of various catalytic applications
as active materials, which are classified based on their metal nodes. For example, metals such as Zn, Zr, Co, Cu, Fe, and Ti provide
distinctive metallic nodes with varying properties [101]. Zinc-based variants like ZIF-7 and ZIF-8 are cost-effective and abundant,
demonstrating promising performance as photocatalytic materials. A range of synthesis methods, including sonication, electro-
chemical processes, water-reflux synthesis, microwave techniques, hydrothermal reactions, oil-bath methods, solution precipitation,
and solvothermal approaches, have been employed to produce various MOFs tailored to specific desired properties [102],[103].

The electrochemical performance of MOFs has been found to be contingent upon the type of architectural morphology (0D, 1D, 2D,
or 3D), which primarily dictates the design and synthesis pathway employed in the preparation of the electrode material [104]. The
selection of materials such as MOF-5 and Co-MOFs, along with the characteristics of organic ligands like ZIF-67 and MIL-53, signif-
icantly affect the energy storage capabilities of MOFs [105]. Among the various documented MOF variants, only a limited number
exhibit a structural phenomenon known as the “breathing” feature [106]. This phenomenon corresponds to a reversible alteration in
the framework conformation induced by external stimuli, leading to changes in the cell parameters. Typically, such stimuli are
regulated by factors such as temperature, external pressure, or the presence of specific guest molecules that interact with the
framework’s cell pores [107]. A representative series of MOFs that demonstrate this structural adaptability includes the MIL-53 MOF
(which stands for Material of Institute of Lavioser). The accompanying Fig. 7 illustrates the structure, framework, ligands, and
membrane formation of MOFs. This comprehensive review by Hou et al. [108] focuses on lithium extraction using emerging MOF
membranes.

3.1. Properties and applications MIL-53 MOF

MIL-53 is a specific type of MOF composed of metal ions such as aluminum and chromium, along with organic linkers like
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Fig. 8. Structural illustration of the Fe-based MIL-53(Fe) MOF. Reproduced with permission from the Ref. [113].
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terephthalic acids. This MOF variant is highly favored by researchers due to its significant porosity, chemical tunability, and capacity
for ion storage in electrochemical energy storage applications [109]. Various metal ions, including Sc>*, v3*, cr®t, and AI**, have
been identified as contributors to the distinctive framework of MIL-53 [110]. Research has indicated that the characteristics of the
linker molecules significantly influence the framework’s breathing behavior. A computational investigation utilizing ideal adsorbed
solution theory (IAST), along with molecular dynamics and grand-canonical Monte Carlo simulations, was conducted to reveal the
structural and gas adsorption properties of MIL-53 (Cr, Fe, Al, Sc) MOF at elevated temperatures. The analysis of adsorption isotherms
demonstrated the influence of temperature on gas adsorption behavior, highlighting the selective adsorption of CH4 over CO5, H,S, and
Ny [111].

The material is recognized for its uses in areas such as drug delivery, gas adsorption, and separations. However, there is limited
understanding of its potential application in electrochemical energy storage systems [109]. In addition to the restricted applications,
there are also few synthesis routes available for the preparation of MIL-53. In comparison to other types of MOFs, MIL-53 possesses a
relatively large surface area, which contributes to its outstanding performance in pollutant removal. Various factors, including the
hydrothermal route utilized, the ratio of components, the type of organic solvent, and the pH value, significantly affect the synthesis
process and the resulting products. At present, the most commonly used synthesis methods for the preparation of MIL-53 MOFs include
the hydrothermal method, microwave-assisted method, and mechanical or ball milling method [112]. Fig. 8 illustrates the structure of
the Fe-based MIL-53, which was prepared by Ghasemzadeh et al. [113] who employed MIL-53(Fe) as an effective and reusable catalyst
for the synthesis of Pyrano [2,3-c] pyrazoles [113].

3.2. Synthesis of MIL-53 MOF

For MIL-53, hydrothermal synthesis is typically carried out at temperatures of 200-220 °C for 24-72 h using metal salts (e.g., AI>,
Fe3") and terephthalic acid in aqueous or mixed solvent systems, sometimes with pH adjustment. Alternative microwave-assisted
routes can reduce the synthesis time to a few minutes while maintaining crystallinity [114-116]. These parameter ranges summa-
rize the most frequently reported conditions and provide clarity for reproducibility. The hydrothermal synthesis of MIL-53 necessitates
the use of Cr(NO3)3.9H,0, terephthalic acid (Hp BDC), and water, typically in a ratio of 1:1:280, along with a small quantity of hy-
drochloric acid. This mixture is stirred continuously to ensure uniform distribution. Subsequently, it is placed in a polytetrafluoro-
ethylene reactor and subjected to airtight heating at a constant temperature of 220 °C for a duration of up to 72 h [114]. After heating,
the product is cooled and rinsed with deionized water to yield the MIL-53 MOF. The resulting MIL-53 predominantly features ter-
ephthalic crystals adhered to the inner surfaces of its pores, which are purified to eliminate excess terephthalic acid, thereby enhancing
the surface area of the MIL-53 [115]. Due to the insolubility of terephthalic acid in water, dimethylformamide or ammonium fluoride is
employed to facilitate its solubility. The hydrothermal synthesis approach is notably straightforward and environmentally benign;
however, it necessitates an extended synthesis duration to achieve complete preparation of the MOFs [116]. Fig. 9 shows the synthesis
of MIL-53(Fe).

3.3. Microwave-assisted method

To accelerate the synthesis of MIL-53, the microwave method is predominantly utilized [118]. This technique employs
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Fig. 9. Synthesis and diethylenetriamine functionalized MIL-53(Fe) Fe-based MOF for the removal of pollutants from water surface. Reproduced
with permission from the Ref. [117].
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electromagnetic radiation to enhance the reaction process, leading to the swift crystallization of MIL-53 [119]. Sun et al. [120]
implemented a straightforward microwave-assisted solvothermal synthesis to produce aluminium-based MIL-53(Al) utilizing Hy and
N, N’ —dimethylformamide as co-solvents for CO5 adsorption. Various parameters, including pre-mixing, microwave temperature, and
reaction duration, were adjusted to assess their effects on the crystal structure, morphology, and CO, adsorption capacity of the
synthesized MIL-53(Al). The resulting MIL-53(Al) exhibits a high surface area of 961 m?/g, a pore volume of 0.46 cm®/g, and thermal
stability up to 480 °C, with a CO5 adsorption capacity of 2.16 mmol at 25 °C, surpassing that of MIL-53(Al) synthesized via con-
ventional solvothermal methods at 130 °C for 48 h [120]. Chakhtouna et al. [121] documented the synthesis of a MIL-53(Fe) biochar
composite derived from date palm for the removal of ciprofloxacin and ofloxacin antibiotics using the microwave-assisted technique.
The findings indicated a synergistic effect of the composite, demonstrating exceptional adsorption capacities of 218.29 mg/g and
223.89 mg/g [121]. The direct interaction between radiation and the reactants offers a superior heating method, resulting in uniform
heating across the sample and enhancing the crystal size of the resultant material [122],[123]. Within a few minutes, highly crystalline
MIL-53 can be effectively synthesized using the microwave-assisted approach. Numerous studies in this area have embraced this
technique, particularly the straightforward microwave-assisted methods [124-126].

3.4. Mechanical or ball milling method

The mechanochemical approach, also known as the ball milling technique, has emerged as a promising method for synthesizing
MIL-53 [127]. This technique effectively converts chemical energy to facilitate the synthesis of the material in question. In comparison
to the hydrothermal and microwave methods, the mechanical approach yields MOFs with the desired properties of interest through the
process of mechanical ball milling [128]. Nevertheless, there is a scarcity of literature addressing the application of the mechanical
method in the synthesis of MOFs with specific electrochemical properties of interest. For commercial applications, the mechanical
synthesis method is particularly advantageous as it can generate large quantities of MOFs, especially MIL-53 [109].

3.5. Electrochemical applications of MIL-53

The electrochemical characteristics of MIL-53 MOF are still in the early phases [129], although a significant number of research
articles have been published regarding the electrochemical utilization of MOFs as electrode materials for various ion-battery appli-
cations [130],[131]. It has been established that the carboxylate group of MIL-53(Fe) offers numerous active sites with electrochemical
properties. However, MIL-53 does not exhibit electrochemical properties due to the inactivity of the carboxylate group, which is
influenced by the terephthalic acid ligands [132]. This inactivity is attributed to the inadequate electrical conductivity and the
thickness of the electrolytic interphase layer that forms during the initial charge/discharge cycles [133]. Nevertheless, a study by Zhou
et al. [134] has indicated a promising application of MIL-53(Fe) as an anode material. At a current density of 100 mA/g, a coulombic
efficiency of 98.5 was recorded, with a capacity retention rate of 92.60 % post-conversion. The electrochemical transfer impedance of
the material decreased from 3.32*107'*cm?/sto1.10%10~'3cm? /s, thereby enhancing the mass transfer capacity. These findings
highlight the distinctive electrochemical properties of MIL-53(Fe) and the potential of amorphous transition as a mechanism to
improve the electrochemical performance of MIL-53(Fe) [134]. A rapid synthesis method for MIL-53(Fe) and Pd/MIL-53(Fe) com-
posites via solvothermal techniques revealed the electrochemical properties and the role of palladium in conjunction with MOFs. The
Pd/MIL-53(Fe) composite demonstrated superior electrochemical efficiency and a higher specific capacitance compared to MIL-53
(Fe). This outcome suggests the potential application of MIL-53(Fe) composites in electrochemical energy storage systems [135]].
Wang et al. [136] improved the oxygen reduction activity and power generation capacity of microbial fuel cells by utilizing MIL-53(Fe)
as an electrochemical catalyst through a hydrothermal synthesis method. The results indicated an enhancement in the porosity of MIL-
53(Fe), which significantly boosted the electrochemical activity, yielding a cathodic output of approximately 0.37 V and power density
of 397 + 6.3 mW /m? making MIL-53(Fe) an attractive electrochemical catalyst with superior catalytic oxygen reduction property
[136].

Conversely, Ojha et al. [137] developed an asymmetric supercapacitor that utilizes a chromium-based MIL-53(Cr) in conjunction
with a bioderived porous carbon anode (BPC) derived from agricultural waste. A lithium-ion conductive solution was employed to
examine the effect of the electrolyte on the electrochemical performance of the BPC/MIL-53(Cr) asymmetric supercapacitor, specif-
ically using LiClO4, a sodium-ion poly (4-styrenesulfonate) solution, and an ionic liquid-based solution. The LiClO4@MIL-53(Cr)
supercapacitor exhibited improved storage capabilities, achieving a specific capacitance of 70F/g, along with energy and power
densities of 9.7 Wh/kg and 0.25 kW/kg over 10,000 cycles [137]. The significance of MOFs and their derived composites has been
acknowledged as promising candidates for electrochemical energy storage (EES) systems [138]. These materials, including MIL-53
MOFs, possess notable properties that can be easily modified for various functionalizations necessary for electrochemical applica-
tions, in addition to their high porosity, facilitating electron transfer and adjustable volume changes [139]. The aluminium-based MIL-
53(AD) has shown remarkable attributes for applications in electrochemical energy storage, resulting in outstanding chemical and
mechanical stability [140]. Tran et al. [141] explored the electrochemical characteristics of MIL-53(Fe), a Fe-based MOF, as an
innovative material for a sensitive electrochemical sensor aimed at detecting cadmium ions in aqueous solutions. Through a drop-
casting technique, a glassy carbon electrode (GCE) was modified with synthetic MIL-53(Fe). The GCE/MIL-53(Fe) electrode exhibi-
ted consistent electrochemical behavior and effective immobilization of MIL-53(Fe) on the GCE surface, as evidenced by cyclic vol-
tammetry (CV) and electrochemical impedance spectroscopy (EIS) analyses of the modified GCE. Furthermore, several electrochemical
parameters were calculated for the MIL-53(Fe) modified GCE, including the electrochemically active surface area and the rate constant
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(k). The results indicated that the electrochemical response signal of the working electrode could be significantly enhanced by the
synthesized MIL-53(Fe) due to its high homogeneity and smaller particle size, as well as the high electrochemically active surface area
[141]. The CV and EIS analysis of the MIL-53(Fe)-modified GCE are shown in Fig. 10 below.

4. MXene/MOF composites for electrochemical energy storage applications

Over the past two decades, research on MOFs and MXenes for electrochemical energy storage has experienced rapid growth,
following a clear trend from foundational to specialized studies. In the early 2000 s, MOFs were mainly explored for gas storage and
separation, but between 2005 and 2010, they began to attract interest in electrochemical systems, with early reports demonstrating
their potential as porous electrodes [142-144]. The field shifted significantly after the discovery of MXenes in 2011, which led to an
exponential rise in publications between 2012 and 2015 as researchers investigated synthesis strategies, surface terminations, and
initial applications in supercapacitors and batteries [145],[146]. From 2016 to 2019, studies on both MOFs and MXenes increasingly
emphasized interfacial design, charge-storage mechanisms, and balancing conductivity with porosity, setting the stage for hybrid
concepts [55]. Between 2020 and 2022, the research direction evolved toward scaling and application-driven design, with MXenes
studied extensively for rate capability and device performance, while MOF studies focused on stability and conductivity bottlenecks
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Fig. 10. A) CV analysis of MIL-53(Fe) electrode showing a scan rate between 25 and mVs~!75 mVs~! in 0.1 mM KCl solution containing 5 mM Fe
(CN)Z* depicting a relation between the anodic and cathodic peaks and b) current of anodic and cathodic peaks with corresponding linear fits
measuring in square root scan rates, I, (the red line with the triangle symbols) and I, (the blue line with the circle symbols) [141].
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[1471,[148]. In the most recent period, bibliometric analyses confirm a surge in high-impact publications, with MXene research
surpassing 15,000 papers and MOFs increasingly being engineered for fast electrochemical storage [149],[150]. Within this context,
MXene/MOF hybrids, though still emerging, are gaining prominence, with TizCyTx/MIL-53 specifically positioned as a promising yet
underexplored system that combines MXene’s high conductivity with MIL-53's breathing porosity to address limitations in ion
transport and interfacial stability.

Research on MOFs (orange) shows a gradual rise from 2000, reflecting early exploration of their crystalline architectures and
porosity. A sharp acceleration occurs after ~ 2012, coinciding with the introduction of conductive MOF composites and MOF-derived
carbons tailored for ion storage. MXene publications (blue) emerge after their discovery in 2011, with rapid exponential growth driven
by their high conductivity, tunable surface chemistry and outstanding performance in supercapacitors and batteries. The two tra-
jectories converge after 2018, when hybrid MOF/MXene systems gained attention for uniting porosity, redox activity and conductivity.
The overall trend highlights a field-wide shift from material discovery toward engineered architectures and hybrid electrodes designed
for scalable electrochemical energy storage applications. (Fig. 11).

The combination of TizC,Tx MXene and MIL-53 MOF presents remarkable synergy for applications in electrochemical energy
storage [13]. This synergy arises from the high metallic conductivity, mechanical strength, and exceptional surface functionality of
Ti3CyTx MXene, which, when combined with the large surface area and high porosity of MIL-53, results in the TizCo Ty @MIL-53
composite [151]. These composite harnesses the strengths to produce a high-performance material characterized by superior elec-
trochemical energy storage capacity [152]. Consequently, the objective of this section is to investigate the synergistic effects of various
MXene/MOF composites, which will guide the enhancement of the performance of Ti3C,Tx MXene, and MIL-53 composites, focusing
on aspects such as energy density, high-capacity storage and retention, cyclic stability, and transfer kinetics for advanced electro-
chemical energy storage.

A multitude of studies have been undertaken to clarify the functional roles of these unique materials (MXene) in energy storage
applications since their discovery in 2011 [153],[154]. An increasing volume of research has prompted the necessity for dependable
energy storage devices that incorporate the durability of these two materials, aimed at developing high-performance electrochemical
energy storage systems characterized by high power density, rapid charging, swift electron transfer, and accelerated ion movement
[155]. These materials present an excellent option for the fabrication of flexible electrodes for supercapacitors, attributed to their
remarkably high surface area, superior conductivity, and hydrophilicity, which results from the functional groups terminating the
surface (O, F, and OH) [12]. MXene-based heterostructures have illuminated the influence of electron conductivity, interfacial in-
teractions, ion transport pathways, and surface chemistry on the efficacy of these heterostructures in supercapacitors, batteries, and
water splitting reactions [156]. A hybrid nano-architecture of TizC,Tx MXene heterostructures has been utilized for supercapacitor
applications. These materials (Ti3C2Tx MXene) are recognized for their contributions to advanced electrochemical energy storage
technologies. This advancement is facilitated by their highly tunable electrochemical properties, exceptional conductivity, and the
abundance of active edge sites [157],[158].

Despite the various applications of MXenes in energy storage, there are challenges such as aggregation, oxidation, and restacking
phenomena within the layers that hinder the full utilization of these materials in energy storage systems [159-161]. To address these
challenges, Nabeela et al. [162] proposed the combination of TizC>Tx MXene with MOFs, transition metal chalcogenides, and
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Fig. 11. Publication trends in MOFs and MXenes for electrochemical energy storage (2000-2025).
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derivatives of covalent organic frameworks (COFs) as a promising composite for electrochemical energy storage applications. In-
vestigations into heterostructures of MXene/MOFs and their derivatives have identified them as a potential electrode for batteries. In
order to enhance the energy storage and efficiency of Zn-based battery electrodes, the composite material merges the high conductivity
and energy density of both materials with the superior surface area and tunability of the former [163]. For example, Yang et al. [164]
employed an in-situ method to construct a Sn-based MOF on MXene to promote rapid electron transport and lithium energy storage.
The findings indicated that after 100 cycles, the MXene@MOF composites exhibited an outstanding reversible storage capacity of
1009 mAh/g at 0.1 A/g, showcasing excellent Li-ion storage capability. Furthermore, the research demonstrated that after 500 cycles,
the MXene@MOF composite maintained impressive cycling stability and rate performance with a reversible specific capacity of 540
mAh/g [164].

Shah et al. [165] performed a comprehensive evaluation that illuminated the advancements in energy storage technologies,
particularly hybrid supercapacitors. This was accomplished through the synergistic effects of MXene and MOFs composite, which has
demonstrated the system’s efficiency and effectiveness. The study confirmed that the integration of these two materials produces a
composite with a larger surface area and abundant active sites, leading to enhanced electrochemical performance [165]. In the context
of energy conversion and storage applications, various strategies have been explored to enhance MXene performance in energy
storage, including surface and nano-engineering compositions with 0D, 1D, 2D, or 3D materials [166]. These dimensional materials
have exhibited remarkable performance with improved properties, warranting their integration into electrochemical energy storage
engineering. The combination of MOFs with Ti3C;Tx composites has been shown to enhance efficiency in energy capture [167].
Additionally, titanium 2D and vanadium carbide MXene heterostructures have been utilized for advanced electrochemical energy
applications. This combination achieved a high volumetric capacitance of 1473 Fem > with no loss of capacitance after 50,000
charge—discharge cycles in 3 M Hy SO4 acid [168]. Derivatives of MOFs have displayed exquisite morphology, showcasing excellent
electrochemical energy storage capacity [169]. The composite of these two materials results in improved storage capacity, accelerated
ion diffusion kinetics, and increased long-term stability of the fabricated electrochemical energy storage system [170],[171].

Due to the low chemical conductivity and susceptibility to chemical instability, the integration of MOF with MXene mitigates these
shortcomings by providing abundant surface terminations and remarkable metallic conductivity [25]. This enhancement improves the
stability and conductivity of the pristine MOF, making it suitable for use in electrodes for supercapacitors, rechargeable batteries, and
electrocatalysis energy storage systems [173]. The rationale behind the synergy of MXene/MOF hybrid designs stems from the
numerous negatively charged surface groups of MOFs, which serve as effective substrates that support the growth of MOF nano-
particles and MXene sheets, thereby facilitating the exposure of a large surface area [12],[54]. Additionally, the highly conductive
structure of the hybrid MXene offers extensive conductive channels and short pathways for ion diffusion [173]. The hybrid also ac-
commodates a variety of unique designs and functionalities, owing to the strong interfacial interactions between MXene and MOFs,
which provide enhanced structural integrity and stability, along with tunable crystal morphologies of MOFs [174]. This combination
presents a promising outlook for high-performance electrochemical devices that are highly conductive, stable under various cycling
conditions, and exhibit a high capacitance retention rate [175-177]. Furthermore, the composite necessitates a synergistic effect that
provides structural support and prevents the aggregation of MXene, thereby enhancing the stability, longevity, and overall perfor-
mance of electrochemical energy storage systems [178]. The high-performance Ce-Co MOFs/Ti3C,Tx nanocomposite, synthesized via
a hydrothermal method, yields a material with superior electrochemical properties. The electrochemical evaluation of Ce-Co MOFs/
Ti3CyTx demonstrated a composite with a high capacitance of 483.3F/g at 10 mV/s and delivered a high energy density of 78.48 Wh/
kg [179]. Fig. 12 shows functionalities of MXene/MOFs hybrids for electrochemical energy storage applications.

Compared to pristine MXenes, MXene/MOF hybrids consistently demonstrate improved cycling stability and higher specific
capacitance, though sometimes at the expense of conductivity [12]. Among the various MOFs, ZIF-67 composites are notable for
enhanced rate performance, UiO-66 composites improve thermal stability, while MIL-53 uniquely provides flexible “breathing”
structures that mitigate volume expansion during cycling [181]. These contrasts highlight that future development should prioritize
designing hybrids that combine MXene’s conductivity with MIL-53’s tunable porosity to balance high energy and power densities.
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Fig. 12. Functionalities of MXene/MOFs hybrids for electrochemical energy storage applications. Reproduced with permission from the Ref. [180].
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4.1. MXene/MOF supercapacitors

In the field of energy storage, supercapacitors (SCs) have emerged as crucial electrochemical energy storage devices [182]. This
prominence is attributed to their remarkable energy density capabilities, rapid charge/discharge kinetics, and long-term cycling
stability across numerous cycles, in addition to their exceptional storage capacities [183-185]. As research into the synergistic effects
of MXene/MOF composites for enhanced energy storage devices intensifies, the design of high-performance SCs with superior energy
storage capacity requires the incorporation of MXene/MOF composites as electrodes to ensure the efficient functioning of these devices
[186]. The ionic conductivity of MXenes, combined with the high porosity and surface area of MOFs, results in electrodes that exhibit
outstanding energy storage capacity [187]. This combination facilitates efficient charge transfer kinetics, leading to high capacitance
and long-term stability. The integration of Ni-Co-MOF into MXene produces composites that demonstrate improved ion transfer,
superior cycling stability, elevated energy density, enhanced conductivity, and greater capacity retention compared to pristine MXene
[188]. Flexible asymmetric supercapacitors have garnered significant interest within the domain of flexible electronics. Polyaniline
(PANI) and MnO; have generated excitement as electrode materials for flexible supercapacitors due to their high capacitance [189].
Nevertheless, the expected capacitance of these materials is short-lived due to the poor cyclic stability of PANI and the low power
density of MnO,, which restricts their applicability as storage systems [190].

Zeolites (ZIFs) derived from metal-organic frameworks (MOFs) have demonstrated potential as electrode materials for high-
performance supercapacitors. Nonetheless, their low thermal conductivity, tendency to agglomerate, and insufficient stability hind-
er their application in electrochemical energy storage systems [191],[192]. By employing the appropriate combination, such as
directly growing ZIFs on MXenes, it is possible to create high-performance supercapacitors with the requisite electrochemical prop-
erties [193].

Guo et al. [194] documented a successful hybridization of Ni-Co-ZIF/MXene composite utilizing the in-situ method to create an
MXene/Ni-Co-ZDH electrode for supercapacitors (SC) that exhibited remarkable capacitance of 877F/g, exceptional stability, and a
capacity retention of 90.9 % after 30,000 charge/discharge cycles, alongside an energy density of 34 Wh/kg and a power density of
748 Wh/kg [194]. Conversely, Zheng et al. [195] integrated Ni-Coy-LDH@MZXene/rGO aerogel to improve the performance stability of
hybrid SCs. The resulting composites achieved an impressive specific capacitance of 332.2 mAh/g at 1 A/g with a retention rate of
87.5 % after 5,000 cycles at 5 A/g [195]. A ZnNiCo-double layered hydroxide @MZXene hierarchical structure, derived from ZIF-8/67
in a 2D/2D configuration, attained a capacitance of 2011F/g at 1 A/g with a retention capability of 92.8 % after 5,000 cycles when
anchored to MXene as an asymmetric SC [196].

In a separate investigation, the incorporation of a-Fe,O3 —C—MoS, PED:PSS into MXene resulted in an electrode with an ultra-high
surface area, yielding an enhanced capacitance of 2700 mF/cm and 54F/g, along with a significant energy density of 371 pWh/cm?,
positioning it as a promising candidate for high energy density applications [197]. To address the restacking behavior of MXene-based
composites, Li et al. [198] employed a freezing and thawing technique to exfoliate multilayer MXene. The resulting MXene/ZIF-8
composite exhibited a high capacitance of 1279.5F/g at 0.5 A/g, achieving a retention rate of 90.88 % after 10,000 cycles at 5 A/
g. Utilizing MXene/ZIF-8 as the positive electrode in the fabricated asymmetric capacitor demonstrated outstanding electrochemical
performance, with an improved specific capacitance of 354.7 Fg at 0.5 A/g and an energy density of 0.628 kWh/kg [198]. Addi-
tionally, MXene-coated carbon fibers can be developed into electrode materials for structural supercapacitors, with electrodes from
this composite showcasing excellent specific capacitance of 157F/g at 5 mVs in comparison to pristine carbon fibers [199].

Ti3Cy Ty The MXene electrode, which incorporates Ni-O nanosheets synthesized through a simple and economical hydrothermal
method, can achieve an impressive specific capacitance of 92 mAh/g at a current density of 1 A/g [200]. In a distinct investigation, the
NiCoS4/MXene electrode exhibited remarkable electrochemical performance, attaining a specific capacitance of 1028C/g at a current
density of 1 A/g and maintaining a retention rate of 94.2 % over 5000 charge/discharge cycles, functioning as the positive electrode for
a high-performance hybrid pouch-type asymmetric supercapacitor [201]. This section has highlighted the importance of MXene/MOF
composites as electrode materials, which improve the electrochemical performance of supercapacitors for energy storage applications.
While MXene/MOF supercapacitors excel in delivering high power density and long cycle life, they are limited by relatively low energy
density compared to battery systems. This contrast highlights a key development direction: enhancing pore structure and function-
alizing MXene surfaces to increase energy density, while preserving the fast kinetics and durability that make supercapacitors
attractive for practical applications.

4.2. MXene/MOF ion-batteries

Metal ion batteries, including Li [202], Na [203], K, Zn [204], and Al, have played a crucial role in advancing green and sustainable
energy storage technologies. These batteries are classified as alkali metal-ion batteries due to their operation in an alkali medium
[205],[206]. Among the aforementioned ion-batteries, the Li-ion battery is distinguished as the most reliable, trusted, and high-power
density option, boasting exceptional storage capacity [207]. Nevertheless, the ongoing depletion of lithium reserves necessitates a
transition to alternatives that can provide robust electrochemical performance, excellent capacity retention, and outstanding char-
ge—discharge life cycles [208]. Numerous studies have explored MXene/MOFs composites as alternative anodic materials for LIBs and
other alkali batteries [209]. Research has indicated that the performance of LIBs can be significantly improved with Co-MOF/MXene
composites [210],[211]. The Co-nanoparticle contributes excellent conductivity, and when combined with the high electrochemical
activity of MXene, it results in a composite with high capacity and remarkable cycling stability [212]. The MXene/Co-ZIF-67 composite
has exhibited an impressive reversible capacity of 422 mAh/g after 500 charge-discharge cycles at 1 A/g, maintaining a capacity of
177 mAh/g at 5 A/g, thus presenting itself as a promising material for commercial energy storage devices [210].
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The Co-MOF/V, CTx MXene composite, which was synthesized using an in-situ growth method, resulted in a high-performance
anode suitable for lithium-ion batteries. This composite demonstrated enhanced electrochemical stability and high conductivity,
achieving a specific capacitance of 484.3 mAh/g after 120 charge-discharge cycles at a rate of 100 mAh/g, along with exceptional
cycling stability at 500 mAh/h [213]. The cobalt/MXene (Cos O4/Tiz Ca Tx) composite, created through an ultrasonic synthesis
method, serves as an electrode for high-capacity lithium-ion batteries and showcases remarkable performance, with an impressive
capacitance of 999.3 mAh/g after 900 cycles and a current density of 500 mAh/g [214]. Furthermore, a three-dimensional (3D) MOF/
MXene aerogel composite, incorporating hollow carbon-confined CoS nanoparticles, was developed for alkali-ion batteries via an in-
situ synthesis technique. The CosNP@NH@MXene composite exhibited outstanding electrochemical performance as an electrode for
lithium-ion batteries (LIBs), sodium-ion batteries (SIBs), and potassium-ion batteries (PIBs), demonstrating excellent cycle stability
and high capacitance values of 1145.9 mAh/g at 1 A/g after 800 cycles, 574 mAh/g at 5 A/g after 1000 cycles for LIBs, 420 mAh/g at 2
A/g after 650 cycles for SIBs, and 210 mAh/g at 2 A/g after 500 cycles for PIBs [215].

Chen et al. [216] developed a sandwich-like composite of MOF-derived CoOPNC@MXene through in-situ intercalation to improve
the storage capacities of sodium and lithium-ion batteries. The resulting composite demonstrated remarkable electrochemical per-
formance, achieving a capacity of 245 mAh/g at a current density of 100 mA/g for lithium-ion batteries (LIBs) and 101.6 mAh/g at 500
A/g after 500 cycles for SIBs. The Co-NiS@MXene composite exhibited a high specific capacity of 1120 mAh/g at 0.1 A/g after 200
cycles, showcasing excellent cycling stability and enhanced kinetics for superior lithium and sodium storage [216]. Furthermore,
lithium-selenium batteries have emerged as a viable alternative to lithium-sulfur ion batteries due to their improved electrical con-
ductivity and adjustable volume capacity [217]. The Se@Fe.CNT/TiO, composite, enhanced with MXene and MOF, displayed
outstanding battery performance, achieving a capacity of 297.5 mAh/g after 450 charge-discharge cycles at a charging rate of 10C and
a discharge rate of 1C. The synergy between the MXene/MOF composite facilitated this performance, highlighting the potential for
durable and high-performance lithium-selenium batteries, thus paving the way for advanced electrochemical energy storage systems
[23],[218],[219].

MXene/MOF heterostructures provide numerous active sites, enhancing electrochemical conductivity and offering remarkable
stability for rapid aqueous zinc-ion batteries [220]. Lu et al. [221] developed a zinc-power anode utilizing 2D conductive MOF/MXene
heterostructures, resulting in a highly efficient and stable zinc-organic battery. An asymmetric cell, which integrates the Zn-power
with a MXene/Cu-THBQ anode, exhibited a high reversible cycling capacity [221]. A zero-dimensional (0D) bimetallic MOF deriv-
ative was synthesized on 2D MXene through an in-situ growth technique that employs electrostatic adsorption by Wang et al. [222].
This growth method aims to prevent the stacking of MXene, thereby facilitating dual catalytic sites on polysulfide for lithium-sulfur
batteries with high areal capacity, demonstrating a high-rate capacity of 703 mAh/g at 4C at room temperature. The research in-
dicates a potential pathway for the commercialization of Li-S batteries, attributed to their high efficiency and substantial storage
capacity [222]. Numerous studies have highlighted the synergistic effects of these MXene/MOF composites and their derivatives as
electrode materials fo LIBs, sodium-ion batteries (SIBs), potassium-ion batteries (PIBs), and zinc-ion batteries (ZIBs) [223-225].
Consequently, investigating MXene/MOF as alternative electrodes for ion-batteries could significantly enhance the electrochemical
energy storage capabilities of these devices, paving the way for advanced energy storage systems with exceptional capacity retention
across extensive charge—discharge cycles. In contrast to supercapacitors, MXene/MOF composites for ion batteries deliver significantly
higher capacity but often suffer from reduced cycling stability and slower rate performance. This comparison underscores a central
challenge: batteries provide energy density, while supercapacitors ensure durability and rapid kinetics. Bridging these trade-offs
through interfacial engineering such as stabilizing MXene layers against restacking while leveraging MIL-53's flexible porosity of-
fers a clear pathway for developing next-generation hybrid energy storage devices.

4.3. Design and synthesis of MXene/MOF composites

Due to the scarcity of literature regarding the synergistic effects of Ti3CoTx MXene/MIL-53 composites, determining a specific
preparation technique for this composite proves to be quite challenging. Nevertheless, various research studies have established both
in-situ and ex-situ methods as reliable preparation techniques for the synthesis of MXene/MOFs composites [226-228]. For example,
Wu et al. [229] documented the in-situ synthesis of Ti3CyTy /Ni-HHTP heterostructures intended for use as an anodic material in Li-ion
batteries. This composite leverages the benefits of both MOF and MXene through in-situ growth, resulting in improved electronic
conductivity and remarkable stability as an anode for LIBs. The initial discharge capacity of the composite electrode is recorded at
424.4 mA/g at a current density of 0.5 A/g, with a capacity of 390.2 mAh/g maintained after 800 cycles, corresponding to a capacity
retention rate of 92 %. The Ti3CyTx /Ni-HHTP composite offers valuable insights into enhanced electrochemical energy storage
systems [229]. Additionally, Adil et al. [230] reported the in-situ growth of a bimetallic Fe-Cu-MOF-MXene composite designed for a
solid-state asymmetric supercapacitor, where the resulting Fe-Cu@MXene electrode exhibited an impressive specific capacitance of
440 mAh/g and high cyclic stability of 89 % after 10,000 alternating cycles, demonstrating excellent specific rate capacity [230].
Furthermore, Jakhar et al. [231] investigated the synthesis of reduced Graphene Oxides (rGO) using the in-situ method, templated
with MIL-53(Fe) nanorods for photocatalytic degradation. This synthesis approach involved the use of Iron (III) chloride hexahydrate
(FeCl3-6H,0) and 1,4-benzenedicarboxylic acid (BDC) dissolved in 10 mL of DMF, which was stirred until the solution became clear.
Subsequently, the solution was transferred into a stainless-steel reactor containing 10 mL of Teflon coating and heated for 7 h at 120 °C
[231]. The precipitate was separated following the cooling process. To eliminate the unreacted components, the precipitate was
washed with DMF and methanol (50 mL). Subsequently, the resulting sample was ground into a fine powder and dried overnight at 60
°C. Similarly, rGO (100 mg) and MIL-53 (Fe) were synthesized using the same methodology and conditions. Both the pristine MIL-53
(Fe) and the rGO@MIL-53(Fe) composite exhibited enhanced photodegradation efficiency of 99 % [231].
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4.4. In-situ synthesis of MXene/MOFs composites

Due to its ease of use and controllability, the in-situ method is the most commonly used method for preparing MXene/MOF
composites [232]. The technique primarily consists of combining MXene in a solution that already contains MOF precursors and
reacting them under specific circumstances to form the desired MXene/MOFs composite [233]. Surface terminal groups of MXenes
easily bond with the organic ligands of MOFs, creating a substantial nuclear site for MOF synthesis. Reaction parameters such as
reactant concentration, solvents, temperature, and pressure influence the desired property of the MXene/MOF composite [234]. Liu
et al. [232] employed in-situ growth of MXene/MOF composites for high-performance supercapacitors. The 3D hollow Ti3CyTx/ZIF-
67/CoV3 Og composites possess excellent electron and ion transport properties with high specific capacitance of 285.5F/g higher than
the Ti3CyTyx and Ti3CyTyx/ZIF-67 electrode. The prepared composite combined the properties of MXene and MOFs to enhance the
stability and improved the conductivity of the electrode [232]. Gao et al. [235] also employed the in-situ method ad a universal
strategy for the preparation of highly stable PBA/Ti3C,Tx MXene towards li-ion battery. The developed universal synthesis was hosted
on 2D MXene or rGO via in-situ transformation from ultrathin layered hydroxides (LDH) nanosheets. The optimized composite
delivered a capacity of 42 mAh/g at 0.1 A/g with excellent cycling robustness when compared with the bare PBA, confirming the
universal approach of the in-situ synthesis growth strategy which replaces MXene with graphene oxide nanosheet [235]. Fig. 13 il-
lustrates in-situ growth technique employed by Bibi et al. [211] showing SEM and CV analysis at each preparation phase of the in-situ
process on the study on the synthesis of MXene/MOFs composites for high performance capacitor.

4.5. Ex-situ synthesis of MXene/MOFs composites

Although the in-situ synthesis technique is widely applicable, the resulting MXenes often exhibit instability and are prone to
oxidation during the in-situ hybridization process, which hinders the electrochemical performance of MXene@MOF composite elec-
trodes [237]. To mitigate this problem, the ex-situ synthesis method has been proposed as a viable alternative for generating optimal
MXene@MOF composites that possess enhanced electrochemical properties [238]. The fabrication of MXene/MOF composites typi-
cally involves techniques such as vacuum filtration, ultrasonication, and self-assembly, wherein pre-synthesized MOFs are directly

{ In-Situ Synthesis |
HF
—Mner
— . S
(a) MAX phase - ,C,Tx g o :(;‘::.-ZIFJY
~ 3 i
2-Methylimidazole s " T ¥
5.
N — °
CoNILZIF-67@T1,C,T, i el T R
Potential (V vs. RHE)
(b) TisAIC2 MAX TiaC2MXene o { —o-tL
=TI QMILNH A2
3004 =9=TI.C QMLAN 16
HF =TI QUILNH 20
201 —a-Tic guLIN 24

m—
Etching

Quantity .a.om.; (em’Ig STP)
8

3

-
w

Current density (mA cm™)
o

3 14 15 16 17 18
Potential (V vs. RHE)

- @

T1,C,T,-CoBOC hybrid

Fig. 13. In-situ growth 3D MXene/MOF composite for high-performance capacitors. Reproduced with permission from the Ref. [236].
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integrated with MXene [211]. This approach facilitates the development of cationic polymer-functionalized MOFs that incorporate
negatively charged MXene ions. Pang et al. [239] employed ultrasonic-assisted synthesis utilizing high-frequency ultrasonic waves to
enhance the chemical reaction involved in MXene@MOF hybridization. This method proved to be easy to implement, cost-effective,
and environmentally sustainable [239].

Furthermore, the synthesis of 0D and 2D MXene/Ni-MOF heterojunction catalysis was achieved through the ex-situ method, which
involved sonicating the 0D MXene quantum dots alongside the 2D Ni-MOF nanosheet. This process yielded composites characterized
by improved absorption and interfacial charge transfer capabilities [240]. Qu et al. [241] explored the development of TizC,Tx MXene
hybrids exhibiting remarkable electrochemical performance by employing the ultrasonic cationic technique, resulting in MXene
nanosheets being uniformly distributed on the N-MOF surface [242]. The composite produced was utilized in the creation of super-
capacitor electrodes, showcasing outstanding electronic conductivity with a specific capacitance of 867.3F/g at a 1/g rate capacity
[241]. The method of electrochemical deposition, in conjunction with electric current, can facilitate the deposition of either MXene or
MOF materials onto an electrode surface. By applying a controlled electric potential, layers of MXene or MOF are deposited onto the
conductive substrate, leading to the formation of an MXene/MOF hybrid electrode [243]. In comparison to alternative preparation
methods, the ex-situ synthesis technique has garnered less focus, potentially due to the inferior homogeneity of the resulting product
and the structural degradation of the material under certain conditions [244]. Nevertheless, despite these concerns, physical mixing
offers a straightforward approach for composite preparation. When preparing the Ti3C2Tx MXene/MIL-53 composite, the in-situ
synthesis method is preferred due to the specific properties of interest. In this scenario, the MIL-53 will be cultivated on the MXene
surface, allowing for the self-restacking of the Ti3C, Tx MXene under meticulously controlled experimental conditions [245]. However,
the ex-situ synthesis method can also be utilized to fabricate the (MXene/MOF) composite under stringent and controlled experimental
conditions through the ultrasonication technique, thereby validating the product derived from the in-situ synthesis method [246]. The
synthesis route strongly dictates the ultimate performance of MXene/MIL-53 hybrids. In-situ methods achieve intimate interfacial
bonding but can promote oxidation, while ex-situ strategies enhance structural stability but often reduce homogeneity. Proc-
ess—structure—property mapping shows that neither approach alone is sufficient to optimize performance. A combined or “semi in-situ”
approach, where interfacial bonding occurs during synthesis, followed by controlled post-assembly, represents a promising direction
for scalable fabrication of high-performance MXene/MIL-53 composites.

4.6. Structural engineering and material design considerations

Structural engineering represents a key lever in optimizing MXene/MOF composites for energy storage [155]. In MXenes, con-
trolling interlayer spacing is essential to suppress restacking and enable rapid ion diffusion, while defect engineering provides
additional active sites for charge storage [247]. For MIL-53, the breathing nature of its one-dimensional channels can be tuned to
accommodate ion intercalation and mitigate stress during cycling, thereby enhancing structural resilience. Constructing hierarchical
or layered architectures that integrate MXene sheets with porous MIL-53 frameworks allows the formation of multidimensional ion-
transport pathways, which is critical for achieving both high capacity and long-term stability [13],[248].

At the material design level, surface functionalization of MXenes with —O, ~OH, or —F groups not only tailors electronic structure but
also strengthens interfacial bonding with MOFs [249]. Similarly, compositional tuning of MIL-53 through metal substitution or linker
modification can adjust pore size, redox activity, and chemical stability [250]. These design strategies work synergistically when
MXenes provide conductive scaffolds and MIL-53 introduces porosity and flexibility, creating hybrids that outperform either
component alone [251]. Beyond conventional mixing, rational design approaches such as ex-situ heterostructure assembly, in-situ
growth on MXene surfaces, and defect-controlled interfaces can further optimize charge storage mechanisms [252].

Looking forward, advancing MXene/MIL-53 composites will require a holistic approach that integrates structural engineering and
material design across multiple scales [13]. At the atomic level, tailoring surface terminations and controlling defect chemistry can
regulate electrochemical kinetics [253]. At the mesoscale, constructing hierarchical architectures and engineered porosity can pro-
mote ionic accessibility and durability [254],[255]. At the device level, scalable fabrication techniques such as thin-film deposition, 3D
printing, and binder-free electrode processing will be critical to bridge laboratory synthesis with real-world applications [256]. Such
multiscale engineering strategies provide a clear roadmap for designing MXene/MIL-53 hybrids capable of delivering the high energy
density, power capability, and cycling stability demanded by next-generation energy storage systems.

5. Electrochemical energy retention of various MXene and MOFs composites

Research on the synergistic effects of MXene/MOF composites for electrochemical energy storage highlights the necessity for
materials that exhibit improved capacity retention, substantial energy density, and long-term stability in energy storage systems such
as capacitors, supercapacitors, and lithium-ion batteries [165],[257]. This review has demonstrated that the combination of these two
materials leads to high-performance electrochemical energy storage characterized by enhanced ionic conductivity, prolonged stability,
rapid charging rates, excellent capacity retention, and swift ionic diffusion. As illustrated in Table 1, various hybrids of MXenes and
MOFs have shown remarkable capacitance with exceptional capacity retention, reaching up to 109 % as reported in some of the
reviewed literature. This suggests that with the appropriate synthesis methods, Ti3C,Tx MXene@MIL-53 MOF could yield composites
with superior electrochemical properties suitable for energy storage applications.
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5.1. Characterization techniques of MXene/MOF composites

A variety of characterization techniques have been utilized to investigate and clarify the structural, morphological, and electro-
chemical properties of the synthesized MXene/MOFs composite [233]. Regrettably, there is a lack of supporting literature regarding
the Ti3C, Ty MXene and MIL-53 composites, despite the extensive research conducted to comprehend the electrochemical properties of
different MXene composites for energy storage applications. This review serves as a reference for future research and interest in the
synergistic effects of Ti3C,Tx MXene and MIL-53 MOF composites aimed at enhancing electrochemical energy storage systems.

This section delves into various characterization techniques, including X-ray diffraction methods to analyze the crystal structure of
the MXene/MOF hybrids, SEM to assess the morphology of the composite, and FTIR techniques [276] that have been employed to
confirm the structural integrity and chemical interactions within MXene/MOFs composites. Such analyses will yield insights into the
potential electrochemical behavior of TizC,Tx MXene/MIL-53 hybrid composites for energy storage applications. Fig. 14 illustrate the
characterization methods utilized by Hao et al. [277] in their study of the synergistic integration of MXene/MOF (Ti3C,Tx @ZIF-8) for
advanced electrocatalytic hydrogen evolution in an alkaline environment. A Ti3C2Tx MXene nanosheet, encapsulated with the MOFs
catalyst (Ti3CoTx@ZIF-8) by surrounding the precursor with ZIF-8, was synthesized under alkaline conditions. The composite
exhibited a 507 mV overpotential at 20 mV/cm, and a CV analysis revealed an electrochemically active surface area of 122.5/cm?,
demonstrating excellent electrochemical characteristics and robust stability, indicating its potential as a candidate for electrochemical
energy storage. The findings from this study provide a substantial foundation for understanding the electrochemical behavior of
MZXene/MOFs composites [277].

5.2. Electrochemical analysis of MXene/MOFs composites

To comprehend the electrochemical energy storage potential of the composites, CV analysis is employed to assess the charge
storage capacity and the electrochemical reversibility of the MXene/MOFs composite, utilizing EIS to evaluate the charge transfer
resistance and capacitance of various MXene/MOFs composites [278]. This assessment determines the durability of the composite over
prolonged charge and discharge cycles, as well as the life cycle analysis of the developed material for energy-related applications.
Fig. 15 illustrates the CV analysis conducted by Liu et al. [279] on 3D porous Ti3Co; MXene/NiCo-MOF composites aimed at enhancing

Table 1

Capacitance and capacity retention rate of various MXene and MOF hybrids.

Synthesis method

Composite formed

Capacitance and Capacity retention rate

Reference

Reported hydrothermal synthesis
method

Template free self-assembly

In-situ method

Solvothermal synthesis approach

Chemical bonding and sonication
techniques

Solvothermal synthesis

Solution method

Chemical etching method

Sonication method

Ex-situ synthesis method
In-situ synthesis

Hydrothermal method

Solution synthesis and HF + HCl
etching method

In-situ growth method

In-situ growth method

Mechanical method

In-situ growth

Ex-situ and solvothermal method

Chemical vapor deposition
Etching method, CVD, and
template technique
Ex-situ sonication method

Sonication method

In-situ growth method
Template synthesis technique
Hydrothermal synthesis

TizC,@Ui0-66

CoN-MOF@Ti3Cy Ty
Tiz3C Tx@Q ZIF-8
TizCoTx@CNTs

Ni-MOF@Ti3C, Tx

Zr-MOF@Ti3C, Ty
PANI@rGO
Nb,CQTizCyTy
NiFe,04/TiO4 @TisCy

V,CT,@ COF
TizCoTx@MOF

Ti3C;Tx@ COF
Ti3C, Ty @ ZIF-67

TizCoTx@ Ni-HHTP
TizCyTx@ Cu-MOF
S-MOF@Ti3C, Ty
TizCyTx/MoS,/Sns@C
Ti3C, Ty /CoSe; @ZIF-67
MOF

TizCoTx @Mo0S,

TizCy Tx@ ZIF-MOF

Ti3C2@CoNiZn LDH
composite

ZIF-67 @NC-Co
TizCoTx@MOF
MOF-based composite
Ce-Co-MOFs@Ti3Cy Ty

Up to 92 % after 1000 cycles

Retention up to 85 % after 500 cycles

1104 mAh/g at 0.1 A/g after 100 cycles

Produced capacitance of 2118 mAh /g at 200 mA /g after 100 life
cycles

Up to 88 % capacity retention after 200 cycles

80 % capacity retention after 200 cycles

45.62F/g capacitance up to 84 % capacity retention.
584F/g at 2A/g up to 98 % retention after 50, 000 cycles
90 % capacity retention at 10 mA/g after 500 cycles

80 % capacity retention
155 mAh/g capacitance up to 77 % capacity retention

87.5 % retention after 5000 cycles at 5 mA /g
550.6 mAh /g at 10 mA/g

390 mAh /g capacitance at 0.5 mA /g up to 92 % after 800 cycles
Capacitance of 726 mAh/g up to 90 %

675.2 mAh/g capacitance at 1.5 mA/g up to 91 %

Capacitance of 722.4 mAh/g after 50 cycles

Capacitance of 75.5 mAh/g at 1000 mA/g up to 79 % after 500
cycles

1000 F/cm® capacitance up to 92 % retention

Up to 86.6 % retention after 500 cycles

Capacitance of 2044.9F/g up to 87.8 % retention after 1,000,000
cycles

Capacitance of 1018.7 mAh/g up to 83.5 % after 100 cycles

Up to 96 % capacity retention after 10,000 cycles

Capacitance of 75. 59f/g at 1 mA/g up to 99 % retention
Specific capacity of 438.3F/g with capacity retention of 109 %
after 4000 charge/discharge life cycles

Yang et al. [25]

Wu et al. [258]
Nahirniak et al. [259]
Ampong et al. [260]

Bibi et al. [211]

Zhuang et al. [236]
Liu et al. [261]
Nasrin et al. [227]
Palanisamy et al.
[262]
Ramachandran et al.
[263]

Mousavi and Hosseini
[264]

Rostami et al. [158]
Mane et al. [265]

Wu et al. [229]
Phung et al. [266]
Lietal. [267]

Cui et al. [268]
Liu et al. [269]

Mahajan [270]
Iravani et al. [271]

Dai et al. [272]

Zhang et al. [273]
Alli et al. [274]
Lokhande et al. [275]
Siddiqui et al. [179]
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Fig. 14. SEM and EDS patterns of (a) Ti3C2Tx, (b) ZIF-8, and (c) Ti3C2Tx/ZIF-8 composite [277].

lithium-ion storage. The Ti3C2/NiCo-MOF electrode demonstrated remarkable reversibility of 402 mAh/g over 300 cycles at 0.1 A/g,
along with long-term stability and exceptional capacitance of 256 mAh/g at 1 A/g, achieving 85.7 % retention even after 400 cycles at
a current density exceeding that of pure TigCy MXene. These results affirm the TizCo@NiCo-MOF composites as an outstanding ma-
terial for high-performance energy storage devices. The CV analysis of Ti3C2@NiCo-MOF composites as anodic materials for LIBs
revealed a material with significant electrochemical storage capacity. As depicted in Fig. 14, a peak at 1.12 V corresponds to the
irreversibility associated with the formation of the solid electrolyte interphase [280], while a second peak indicates Li* ion trapping

between the Ti3Cy and NiCo-MOF nanosheets, accounting for 0.6 V.
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Fig. 15. a) CV profiles of the composites at 0.1 V scanning rates, b) specific capacitance of the composites at different current densities [279].
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According to Liu et al. [279], the extraction of Li* from Ti3C, and NiCo-MOF nanosheets may lead to significant oxida-
tion-reduction peaks at 1.24 V in the following cycles. Cathodic peaks observed at 0.81 and 1.41 V indicated a transformation of Co
and Ni during the second cycle. The second and third cycles appeared to be identical, showcasing a highly reversible electrochemical
reaction process of the TizCo@NiCo-MOF composites. As shown in Fig. 15 the specific capacities for the charge and discharge rates
during the first three cycles of the composite at 0.1 A/g, with the initial cycle exhibiting discharge and charge capacities of 603.6 mAh/
g and 428.8 mAh/g, respectively. This phenomenon may be attributed to the formation of an electrolyte interphase, which corrob-
orates the CV analysis. The overlap of the composites in the second and third cycles signifies a robust reversibility and stability of the
TizC2/NiCo-MOF composites.

Direct comparison of electrochemical performance across MXene/MOF hybrids reveals that Ti3C2Ty/MIL-53 composites achieve
promising but still developing results relative to other systems [211]. For example, Ti3CoTyx/MIL-53 hybrids have demonstrated
specific capacitance values typically in the range of ~ 300-350F/g with retention rates above 85 % after several thousand cycles,
reflecting the beneficial synergy between conductivity and porosity [137]. In contrast, TigCoTx/UiO-66 and TigCyTyx/ZIF-8 systems
often report higher capacitance values exceeding 400F/g with retention above 90 %, largely due to their more extensively engineered
interfacial chemistry and hierarchical structures [281]. Ti3CpTx/MIL-101 hybrids further extend this trend, showing capacitance
values approaching ~ 450F/g with excellent rate capability, attributed to their ultrahigh surface area and robust framework stability
[282]. Taken together, these comparisons suggest that while Ti3CoTx/MIL-53 demonstrates a favorable balance between conductivity
and porosity, further optimization of interfacial design and pore structure is needed to match or surpass the electrochemical perfor-
mance of other well-studied MXene/MOF composites. Despite its slightly lower capacitance, TizC2Tx/MIL-53 remains highly relevant
due to its excellent structural stability, facile synthesis, and potential for scalable fabrication. Its balanced combination of cycling
stability, moderate capacitance, and tunable framework makes it a promising candidate for practical energy storage applications
where long-term reliability is crucial.

6. Challenges and perspectives of MXene/MOF composites

Although MXene/MOF composites have demonstrated remarkable potential in electrochemical energy storage and related appli-
cations, several critical challenges remain unresolved, and these must be addressed before large-scale deployment can be realized. One
of the foremost challenges is the intrinsic instability of MXenes toward oxidation, which leads to deterioration of conductivity and
structural integrity over time [283]. While temporary remedies such as antioxidant additives or inert atmosphere storage have been
explored, there is still a pressing need for robust stabilization strategies that can ensure long-term durability under practical operating
conditions [284]. Defect engineering, protective surface coatings, and controlled termination chemistry may provide promising routes,
but more systematic investigations are required to translate these laboratory approaches into scalable solutions [285].

A second major challenge lies in the interfacial bonding and compatibility between MXenes and MOFs, which directly governs the
electrochemical synergy of the hybrid structures [12]. Weak interfacial interactions can result in structural collapse during char-
ge—discharge cycling, whereas excessively strong bonding may hinder ion transport pathways [286]. Therefore, the rational design of
interfaces through functional group matching, heteroatom doping, or covalent cross-linking represents a crucial research direction to
strike a balance between structural stability and efficient electrochemical kinetics [287]. In addition, the trade-off between conduc-
tivity and porosity remains another obstacle. While MXenes contribute excellent metallic conductivity, they also have a strong ten-
dency to restack, which reduces porosity and ion accessibility [288]. Conversely, MOFs offer high porosity but generally suffer from
poor intrinsic conductivity. Achieving an optimum combination requires hierarchical design strategies, such as constructing layered
heterostructures or 2D/3D hybrid architectures that can simultaneously deliver ion-accessible channels and conductive pathways
[289].

Scalability and sustainability also present significant barriers. Many of the widely adopted synthesis techniques for MXenes still
depend on hazardous etchants such as HF or involve multistep solvothermal processes, which limit both industrial applicability and
environmental sustainability [83]. To move toward commercialization, it is essential to adopt greener and scalable fabrication
methods, such as molten salt etching, electrochemical synthesis, or deep eutectic solvents, in combination with continuous-flow
processing [290]. These approaches not only reduce environmental concerns but also offer pathways for producing composites in
industrially relevant quantities.

Looking forward, MXene/MOF composites provide a rich landscape of opportunities that extend beyond conventional super-
capacitors and ion-batteries. Future perspectives point toward multifunctional energy devices, including hybrid systems that combine
the high energy density of batteries with the long cycle life of supercapacitors. Moreover, these hybrids may also find applications in
electrocatalysis, CO5 reduction, water splitting, and ion-sieving membranes, thereby expanding their technological relevance [291].
Coupling experimental work with advanced computational techniques such as density functional theory, molecular dynamics, and
machine learning can further accelerate the rational design of composites by predicting optimal interfacial structures, defect chem-
istries, and performance trends.

Overall, the future of MXene/MOF composites depends on an integrated approach that combines materials engineering, scalable
synthesis, and computational modeling. By carefully addressing the issues of stability, interfacial design, conductivity—porosity bal-
ance, and environmental sustainability, these materials can be transformed from promising laboratory concepts into practical, high-
impact solutions for next-generation energy storage and conversion technologies. Although Ti3CTx/MIL-53 composites have attracted
attention conceptually, the experimental validation of their unique synergy remains limited compared to other MXene/MOF systems
such as Ti3CeTyx/Ui0-66, Ti3CoTyx/ZIF-8, and TizCoTx/MIL-101 [292-294]. The few available studies suggest that Ti3CyTx/MIL-53
hybrids benefit from complementary effects, including enhanced interfacial bonding, improved conductivity—porosity balance, and
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superior ion transport properties [295]. However, these findings are still in the early stages, and systematic investigations into long-
term stability, charge storage kinetics, and scalability are required. Recognizing this gap, future research should focus on experimental
benchmarking of Ti3CoTyx/MIL-53 composites, supported by advanced characterization and computational modeling, to fully validate
and harness their synergistic potential.

7. Conclusion

Building upon the challenges and future perspectives outlined above, this review has systematically examined the synergistic
integration of MXenes and MOFs, with a particular focus on MIL-53 frameworks, and highlighted their potential to overcome the
inherent trade-offs between conductivity, porosity, and structural stability in advanced electrochemical energy storage devices. The
discussion consolidated synthesis strategies, process—structure-property relationships, and electrochemical performance outcomes,
while critically identifying the unresolved issues of MXene oxidation, interfacial compatibility, and scalability of fabrication. The
future of MXene/MOF composites will depend not only on improving electrochemical performance at the laboratory scale but also on
addressing practical considerations such as environmentally sustainable synthesis routes, long-term structural stability, and scalable
processing methods. Furthermore, coupling experimental insights with computational tools such as DFT, molecular dynamics, and
machine learning will accelerate rational design strategies, enabling predictive control over interfacial chemistry and hierarchical
architectures. Overall, the combination of MXene’s metallic conductivity and surface functionality with the tunable porosity and
flexibility of MOFs offers a powerful platform for designing multifunctional materials. By strategically addressing the identified
challenges, MXene/MOF composites can transition from emerging research concepts to practical, durable, and sustainable solutions
for next-generation energy storage and conversion technologies. In summary, MXene/MOF composites represent a new frontier in
materials engineering where conductivity, porosity, and structural adaptability can be synergistically optimized for advanced energy
storage. While significant obstacles remain, the pathway forward is clear: stabilization of MXenes, rational interfacial design, scalable
green synthesis, and integration with computational modeling. Addressing these priorities will not only unlock the full electrochemical
potential of MXene/MOF hybrids but also position them as transformative materials for sustainable energy technologies, bridging the
gap between laboratory innovation and industrial application.
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