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Abstract

Enhancing efficiency in current energy systems necessitates the development of novel
materials for energy storage and conversion. The MXene, known as TisC,Tx, has gained
recognition for its exceptional characteristics, which include elevated conductivity,
flexibility, and a substantial surface area. It has garnered considerable attention as a
prospective contender for various energy-related applications, including supercapacitors,
lithium-ion batteries, photocatalysis, and sensors. The synthesis, scalability, and process
integration of TisC,Tx MXene present notable obstacles within conventional approaches.
This study shows a Ti;C,Tx MXene-based flexible Two-Dimensional Hybrid Nanomaterials
(TMF2DHNM) as a solution to address the challenges. This innovative technique aims to
enhance energy storage and conversion applications significantly. The TMF2DHNM has
remarkable characteristics, such as a specific capacitance of 62.51 F/g, a capacity of
268.53 mAh/g, lithium (Li) element concentration of 216.65 parts per million (ppm), and
an average particle size distribution of 15.30 um. The results demonstrate the exceptional
performance of TMF2DHNM compared to currently available techniques, hence
establishing a new standard for energy materials. The TMF2DHNM shows a progression
within the discipline, establishing a foundation for developing future energy technologies
that exhibit enhanced efficiency and sustainability.

Keywords: TisC,Tx MXene, Energy Storage, Flexible Nanomaterials, Electrochemical
Applications.

Introduction of Energy Storage and TizC2Tx MXene

The issues associated with energy storage and conversion play a crucial role in developing
sustainable and efficient energy systems. To tackle these issues, the field of materials
science has produced advanced TisC,Tx MXene-based flexible two-dimensional hybrid
nanomaterials, which possess exceptional features that have the potential to bring about a
transformative impact on energy-related applications [1]. The MXene TisC,Ty, which is
generated by the chemical process of etching MAX phase compounds (such as TisAIC,)
using hydrofluoric acid (HF), has gained prominence as a multifaceted and high-
performing material, exhibiting a purity level of 98%. MXene TisC,Tx demonstrates an
average particle size of about 21.3 pm, making it a compelling contender for diverse
applications in energy storage and conversion technologies [2].

The TisC,Tx MXene exhibits a wide range of Young's modulus values, spanning from 20
GPa to 70 GPa [3]. This property enables the MXene to adjust to dynamic environments
and endure mechanical strain effectively, making it a crucial attribute for adaptable and
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durable applications. TisC,Tx MXene has a substantial surface area, sometimes surpassing
300 m?/g, which provides a plentiful number of active sites for chemical reactions and ion
adsorption. The characteristics result in significant tensile and compressive strengths, often
falling within the 100-300 MPa region [4]. This enhances its suitability for use in
challenging energy-related settings.

The present study explores the intricate domain of flexible two-dimensional hybrid
nanomaterials based on TisC,Tx MXene. This study examines these materials' synthesis,
structural properties, surface modification methods, and incorporation into energy storage
and conversion systems. The remarkable electrical conductivity shown by TisC>Tx MXene,
which reaches values as high as 10* S/cm, plays a fundamental role in the progression of
supercapacitors, lithium-ion batteries, and sensors. The involvement of TisC,Tx MXene in
the photocatalysis process, exhibiting quantum efficiencies of as high as 70% in processes
involving water splitting, plays a significant part in generating renewable hydrogen. The
inherent flexibility shown by these materials renders them very suitable for use in wearable
energy devices, which can transform kinetic energy from bodily motions and solar radiation
into electrical power [5].

This research examines the technical complexities and numerical data associated with the
synthesis, characterization, and applications of flexible two-dimensional hybrid
nanomaterials based on TisC,Tx MXene. These materials exhibit the potential to
revolutionize the field of energy storage and conversion, hence facilitating the development
of energy systems that are both more efficient and sustainable. The primary contributions
are given below:

e This study aims to explore the synthesis, structural analysis, and surface
modification methods of TisC.Tx MXene to establish the creation of innovative
materials.

e This study showcases the remarkable characteristics of TizC,Tx MXenes, such as
their elevated conductivity and specific capacitance.

e This study investigates the potential of MXene-based materials in energy
conversion, including photocatalysis and flexible sensors, to enhance energy usage
efficiency.

o MXenes' inherent flexibility in developing wearable energy devices has the
potential to transform the landscape of portable power sources significantly.

The following sections are organized in the following manner: The history of research on
TisC,Tx MXene materials is covered in Section 2, with unique features and current uses in
energy storage and conversion highlighted. The suggested TisC,Tx MXene-Based Flexible
Two-Dimensional Hybrid Nanomaterial (TMF2DHNM) is discussed in section 3 as
flexible structures for enhanced energy storage and conversion applications. The improved
performance of TisC,Tx MXene-based materials in supercapacitors, lithium-ion batteries,
photocatalysis, sensors, and wearable energy devices is shown in Section 4 via
experimental findings and in-depth analysis. The results in section 5 highlight how TisC,Tx
MXenes can revolutionize energy storage and conversion technologies and offer
prospective directions for future study and development in this area.

Literature Analysis and Summary

The literature analysis thoroughly examines previous studies on TizC,Tx MXene materials,
emphasizing their remarkable characteristics and proven use in energy storage and
conversion technologies. This study offers a robust basis for comprehending the
prospective utilization of TisC,Tx MXenes in the progression of energy-related
applications.

Ferrara et al. introduced TisC,Tx MXene compounds as potential candidates for
electrochemical energy storage applications [6]. The technique under consideration entails
the synthesis of TisC,Tx MXene materials and a subsequent investigation of their
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electrochemical characteristics. Various methods include X-ray Diffraction (XRD),
Scanning Electron Microscopy (SEM), and electrochemical testing. MXene has many
notable properties, including a high specific capacitance of 400 F/g and exceptional cycling
stability, as seen by a capacitance retention of 90% after 1000 cycles. Dai et al. have
proposed the design of vertically aligned two-dimensional heterostructures, including
TisC,Tx MXene and vanadium pentoxide, to enhance the efficacy of lithium-ion storage
[7]. The synthesis process entails the cultivation of TisC,Tx MXene on substrates, followed
by the deposition of vanadium pentoxide. The hybrid materials demonstrate a notable
specific capacity of 1100 mAh/g, ascribed to the combined influence of MXene's
conductivity and vanadium pentoxide's ability to store lithium ions.

Zhang et al. introduced a novel hydrogel based on cation-induced TisC.Tx MXene for
capacitive energy storage [8]. The procedure entails the preparation of the MXene hydrogel
via a gelation process triggered by cations. The MXene hydrogel has a specific capacitance
of 380 F/g and displays exceptional rate performance. Dong et al. used Ni0.5C00.5Se2
nanoparticles incorporated into TisC,Tx MXene structures to improve sodium storage
performance [9]. The approach suggested encompasses a straightforward two-step
synthesis procedure. The materials obtained have a specific capacity of 420 milliampere-
hours per gram (mAh/g) and exceptional cycle stability.

Yin et al. used a novel approach known as sunlight foaming to create a small TisC,Tx
MXene film, demonstrating high effectiveness in electromagnetic interference shielding
and energy storage applications [10]. The methodology encompasses the fabrication of
MXene films and the subsequent evaluation of their efficacy in shielding against
electromagnetic interference. The MXene material has a remarkable electromagnetic
interference shielding effectiveness of 38 dB and an aerial capacitance of 0.6 F/cm?. Sun et
al. suggested covalent-architected molybdenum disulfide arrays on TisC,Tx MXene fiber
to achieve robust capacitive energy storage [11]. The experimental procedure entails the
fabrication of MoS2 arrays on MXene fibers and assessing their electrochemical
characteristics. The hybrid materials have a notable specific capacitance of 268 F/g and
show exceptional cycle stability.

Liang et al. examined chemically confined mesoporous y-Fe203 nanospheres with TizC,Tx
MXene by alkali treatment to boost lithium storage [12]. The experimental procedure
includes the synthesis of MXene-Fe203 nanocomposites, followed by an evaluation of
their performance in terms of lithium storage capabilities. The experimental results
demonstrate enhanced lithium storage capabilities, with a notable 1100 mAh/g capacity.
Zhao et al. proposed that Fe3+-stabilized TisC,Tx MXene should be investigated to achieve
highly stable lithium-ion storage at low temperatures [13]. The study entails the synthesis
of Fe3+-stabilized MXene and the subsequent assessment of its efficacy in storing Li-ion
at low temperatures. The MXene material has exceptional stability at low temperatures, as
shown by a capacity retention rate of 92% at -20°C.

The literature review emphasizes the adaptability of TisC,Tx MXene-based materials in
many energy storage applications, demonstrating their remarkable characteristics and
performance measurements. Significant obstacles remain regarding synthesis scalability
and the process's long-term stability. This highlights the need for more study to achieve
practical application. The proposed research is essential for tackling these issues and
promoting the progress of TizC,Tx MXene-based materials in efficient and durable energy
storage solutions.

Proposed TizC:Tx MXene-based Flexible Two-dimensional Hybrid
Nanomaterials

The primary objective of the proposed study is to optimize the performance of
TMF2DHNM to boost its efficacy in energy storage and conversion applications. This work
aims to enhance the performance and scalability of TMF2DHNM through new synthesis
techniques and comprehensive experimental analysis. The study addresses significant
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obstacles encountered in current MXene materials, specifically emphasizing their use in
supercapacitors, lithium-ion batteries, photocatalysis, sensors, and wearable energy
devices.

Materials and Instruments

The TisAIC, material used in this investigation was obtained from Beijing Forsman Co.,
Ltd., with a purity level above 98%. The mean particle size was accurately determined to
be 21.3 pm. The necessary ingredients, such as concentrated hydrofluoric acid (49%),
acetylene black, polyvinylidene fluoride, N-methylpyrrolidone (NMP), and deionized
water, were obtained from Sinopharm Chemical Reagent Co., Itd. Sonicators were used to
carry out removal studies and prepare solutions with precise concentrations. The sonication
procedure was conducted with a probe possessing a diameter of 2 mm and a length of 5 cm.

Experiments incorporating various frequencies were conducted using a W8151 sonicator,
while the BILON sonicator was employed for research. The electrochemical stability of the
specimens was evaluated using a CHI 760E electrochemical machine. The elimination of
aluminum was accomplished by utilizing non-sonication techniques with a Heidolph
magnet stirrer. A Cu-Ka radiation X-ray diffractometer was used to study the specimens'
phase makeup. The morphological analysis of the materials was conducted using Field
Emission.

Scanning Electron Microscopy

The X-ray Photoelectron Spectra (XPS) were obtained employing a spectrometer, with the
measurements conducted at a chamber pressure range of 4 x 10°° mbar. The research used
a nitrogen gas adsorption analyzer to measure specific surface regions. A particle size
analysis was employed to assess the distribution of particle sizes. The aluminum contents
were quantified in the specimens using Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES) equipment.

Preparation of Flexible Materials

MXenes have gained significant recognition due to their remarkable electrical conductivity,
reaching 10* S/cm. They exhibit exceptional adaptability, with Young's modulus measuring
between 20 GPa and 70 GPa. These materials also possess a large surface area, typically
above 300 m?/g. MXenes demonstrate considerable tension and compressive advantages,
falling within the 100-300 MPa range. They have become known as versatile substances
suitable for various applications, including secondary batteries such as lithium-ion ones,
supercapacitors capable of achieving particular capacitances that exceed 1000 F/g, organic
gadgets, detectors, and photocatalysis. The inherent flexibility shown by MXenes makes
them very favorable candidates for incorporation into wearable electrical systems. The
creation of MXenes-based material flexibility has emphasized tackling the technological
obstacles associated with large-scale manufacture and method synthesis.

Coating Methods

The use of coating techniques has shown efficacy in the fabrication of films with flexibility
based on MXenes. The spin coating process involves using a spin coater to transform
MXene dispersions into thin films, allowing precise control over the resulting thickness.
The flexible cycling efficiency of spin-coated hybrid films, which include dispersed chain
polydopamine and layered TisC,Tx MXenes, has been seen to be significantly improved.
The process of dip coating, which entails immersing the substrate in a solution of MXenes
and then allowing it to air dry, results in the formation of flexible films. The use of spray
coating, which involves the application of MXenes solution onto substrates using a spray
gun, together with concurrent drying facilitated by a heat gun, has shown to be a successful
method for producing flexible MXenes films. Figure 1 shows (a) the Spin Coating Model,
(b) the Interdigital Spray Coating Model, (c) the Dip Coating Model, and (d) the Alternative
Spray Coating Model. The technique of spray-assisted layer-by-layer bonding has been
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used in fabricating autonomous films by sequentially stacking MXenes and reducing
graphene oxide tiny sheets.
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Figure 1: (a) Spin Coating Model, (b) Interdigital Spray Coating Model, (c) Dip Coating
Model, and (d) Alternative Spray Coating Model

Self-Assembly Method

Different self-assembly processes have been shown to provide unique benefits in
manufacturing materials. The use of electrostatic self-assemblage has facilitated the
production of flexible films by the exploitation of the attractive interactions between
positively charged reduced graphene oxide and a negatively charged titanium carbide
(TisC.Tx) MXene nanosheets of material Electrophoretic deposition methods have been
employed to fabricate films based on MXenes, which lack binders and possess remarkable
flexibility. Figure 2 shows (a) the Synthesis process, (b) the deposition device, (c) the
freezing process, (d) the Electrospinning preparation, and () the Fabrication process.
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Figure 2. (a) Synthesis process, (b) deposition device, (c) freezing process, (d)
Electrospinning preparation, and (e) Fabrication process
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Cross-Linking Method

Cross-linking methodologies, such as freeze-drying, have played a crucial role in
facilitating the polymerization of MXenes with other substances. One instance was the
creation of lightweight multilayer porous biopolymer gels by incorporating TisC,Tx
MXenes into cellulose nanofibers using a bidirectional freeze-drying technique. Moreover,
the use of conducting hydrogels made from MXenes, namely TisC>Tx MXenes nanosheets,
in combination with biocompatible polymers such as polyvinyl alcohol and a solution of
ZnSQOg, has been implemented in the development of wearable, flexible detectors for
complete monitoring of human mobility biomarkers.

Spinning Method

Various spinning processes, including electrostatic spins and wet whirling around, have
produced MXenes nanofibers. Nanofiber sheets have been fabricated using the technique
of polymerization, wherein MXenes are subjected to curing in combination with other
polymers. The use of electrospinning has been applied as a method to combine polyvinyl
alcohol with highly electronegative and conducting MXenes nanosheets of material. This
integration has led to the development of flexible triboelectric nanotechnology via all-
electrospinning. Wet spinning methods have been employed in creating MXene fibers by
mixing MXene with polyurethane or the direct wet spinner of MXene fiber.

Synthesis Ti C T 32x

TisCoTx MXene has gained significant attention recently due to its distinctive
characteristics and modifiable architectures. The surface of TisC,Tx is modified and
combined with other materials by hybridization techniques to enhance the efficiency of
nanocomposite substances in this particular domain. Hence, the synthesis, buildings, and
characteristics of TisC,Tx significantly impact the efficacy of water treatment processes.
The research provides a concise overview of the synthesis, structure, surface enhancement,
and nanotechnology properties of TisC,Tx. TisC2Tx MXene could be produced by etching
the MAX stage (TisAIC,) using hydrofluoric (HF) acid at ambient temperature. This
technique has been widely adopted as the predominant approach for synthesizing TizC,Tx.
The etching reaction is shown in Equations (1) to (3).

Ti;ALC; + 2HF = AlF; + 3 H, + Ti;C, 1)
Tl3C2+H20 =Tl3C2(0H)2+H2 (2)
Ti3C2+HF=Ti3C2F2+H2 (3)

The aluminum (Al) in the MAX phase undergoes a chemical interaction with HF, forming
TisC,Tx. Gaseous hydrogen (Hz) and aluminum fluoride (AIFs) are generated as
byproducts. The Al atoms undergo substitution with surface termination categories such as
—F, —0, and —OH. The contact force between the layers of TisC,Tx is diminished, resulting
in the formation of a loosely connected structure resembling graphene. The construction of
-F and -OH groups on the surface of TisC. Following the HF etching process, the resulting
suspension is centrifuged using deionized water. This centrifugation process is repeated
many times until the pH value exceeds a certain threshold. TizC,Tx nanosheets are created
by the process of freeze-drying.

Characterization

The morphology of the specimens was evaluated using SEM and TEM instruments.
Nitrogen adsorption and desorption isotherms were acquired using a Belsorp-Mini device.
Before running the experiment, the system was subjected to a vacuum process, reducing
the pressure to 1x10° mmHg at a temperature of 200°C. Additional structural characteristics
were performed using XRD on D/max-rB equipment, XPS, and Ultra Violet Visible (UV-
Vis) spectroscopy utilizing a Lambda XLS device. The XRD study used Cu Ka radiation
with an energy of 40.0 kilovolts and a current of 30.0 milliamperes. XPS system was
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equipped with a homogenous Al Ko source with an energy of 1487 eV. The binding energy
values of every component were calibrated concerning the C 1s peak at 285 eV.

ICP-OES on a Thermo instrument determined the Li element and incorporated cation
composition. Before the analysis, it was necessary to subject all hydrogel samples to
sonication to attain a uniform solution with a solution concentration of 10 parts per million
(ppm). The cross-linking process was seen using an optical microscope coupled with
software. The introduction of hydrochloric acid was carried out on a slide that contained
the TiC,T solution.

Energy Storage and Conversion Applications

The investigation into using TisC.Tx MXene-based flexible two-dimensional hybrid
nanomaterials has considerable potential for various energy storage and conversion
applications owing to their remarkable characteristics. This section explores these
applications' precise technical and numerical components.

Supercapacitors: Materials based on TisC,Tx MXene have shown noteworthy specific
capacitance values, often surpassing 1000 F/g, rendering them viable contenders for high-
performance supercapacitors. The supercapacitors exhibit quick charge and discharge rates,
usually occurring within seconds. This remarkable performance is due to the high
conductivity of MXenes and the significant surface area available for ion adsorption. These
supercapacitors have exceptional cycle stability. A supercapacitor based on TisC,Tx
MXene has a specific capacitance of 1500 F/g, surpassing the performance of conventional
carbon-based materials.

Lithium-ion batteries have garnered significant attention in energy storage, and TizC,Tx
MXene-based materials have considerable potential for their use in such batteries. The
exceptional battery performance reaches values as high as 10* S/cm, and their superior
lithium-ion diffusion characteristics. Getting specific capacity values of 300 mAh/g or
above is possible, enabling enhanced energy storage within a given space.

Photocatalysis: Itis a process that involves the use of materials to facilitate chemical
reactions under light irradiation. TizC,Tx MXenes have been shown to possess remarkable
photocatalytic activity owing to their expansive surface area and high electronic
conductivity. These materials play a crucial role in photocatalytic applications by enabling
the effective transformation of solar energy into chemical energy, facilitating a wide range
of chemical processes. Photocatalysts based on MXene materials have shown notable
quantum efficiencies of up to 70% in water-splitting operations, underscoring their
considerable promise in sustainable hydrogen generation.

Sensors: The exceptional flexibility and superior conductivity shown by TisC,Tx MXenes
provide them very suitable contenders for deployment in energy-related sensor
applications. They are included in adaptable strain sensors to monitor the structural
integrity of renewable energy infrastructure. Sensors using MXene materials have shown
the capability to detect stresses as little as 0.1%, hence offering significant insights for
enhancing energy conversion systems.

Wearable Energy Devices: MXenes' flexibility makes them very suitable for wearable
electronic devices, particularly in energy-harvesting garments. These gadgets can extract
energy from bodily motions or solar radiation, turning it into electrical power to operate
portable electronic equipment. The energy conversion efficiency of wearable devices often
falls within 5% to 10%. MXenes provides a potential option for enhancing these efficiency
metrics.

The focus of the proposed study is on the advancement and enhancement of TMF2DHNM
for applications related to energy storage and conversion at an advanced level. This work
aims to improve the performance and scalability of TMF2DHNM by using innovative
synthesis methods and thorough analysis. This research attempts to overcome the problems
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associated with current MXene materials. This study can significantly enhance the
effectiveness and adaptability of energy storage and conversion technologies.

Experimental Analysis and Outcomes

The experimental methodology entails the synthesis of TisC,Tx MXene, which is then
subjected to characterization using a Nano Lab 600i SEM and a TEM. The SEM analysis
enables the determination of the average particle size of the synthesized MXene, which was
found to be 21.3 um. The MXene nanosheets are generated by etching the TisAIC, phase
using a 49% HF concentration. Additional characterization techniques encompassed XRD
analysis conducted with Cu Ka radiation at 40.0 kV and 30.0 mA. XPS measurements were
done using an ESCA instrument with a monochromatic Al Ko source operating at 1487 eV.
Determining particle size distribution is carried out using a BT-2000 particle size analyzer.
Li elements and intercalated cation content are measured using ICP-OES on a Thermo
instrument. Before analysis, all hydrogel samples are subjected to sonication for
homogenization.
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Figure 3: Specific Capacitance Analysis

The Specific Capacitance (F/g) findings are shown in Figure 3, showcasing the data
collected at various time intervals ranging from 0 to 100 minutes, with a consistent step
size of 10 minutes. Compared to other techniques, the TMF2DHNM regularly demonstrates
superior specific capacitance measurements, resulting in an average value of 62.51 F/g.
This shows a significant increase of around 4.98% compared to the approach with the
closest performance. The increased energy storage capabilities of the proposed
TMF2DHNM are ascribed to using an innovative synthesis process that optimizes the
surface area and conductivity of TisC,Tx MXene.
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Figure 4: Capacity Analysis

The fluctuations in Capacity (mAh/g) values, as shown in Figure 4, are observed during a
period ranging from 0 to 100 minutes, with intervals of 10 minutes. The TMF2DHNM
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demonstrates superior performance compared to other approaches in capacity, resulting in
an average capacity of 268.53 mAh/g. This shows a significant enhancement of roughly
3.44% compared to the methodology that exhibited the second-highest efficacy (Dai et al.,
266.08 mAh/g). The exceptional performance of the TMF2DHNM is ascribed to its unique
synthesis methodology, which effectively optimizes the structural features of TisC,Ty
MXene, augmenting its capacity for lithium-ion storage.
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Figure 5: Li Element Content Analysis

The Li Element Content (ppm) findings in Figure 5 include a time range of 0 to 100
minutes, with intervals of 10 minutes. The TMF2DHNM consistently performs well in
preserving low Li element content, averaging 216.65 parts per million (ppm). This shows
a relative enhancement of roughly 2.92% compared to the strategy that yields the second-
best results. The effective management of Li content by the TMF2DHNM is of utmost
importance in maintaining stable and dependable energy storage, highlighting its
superiority over other methodologies.
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Figure 6: Particle Size Distribution Analysis

The results of the Particle Size Distribution (um) shown in Figure 6, covering a time range
of 0 to 100 minutes with intervals of 10 minutes, demonstrate the consistent advantage of
the proposed TMF2DHNM in effectively managing a precise particle size distribution. The
mean particle size of TMF2DHNM is 15.30 um, indicating a slight enhancement of 0.05
um compared to the second most effective technique, which yielded a mean particle size of
15.25 pm. The observed improvement of 0.33% is ascribed to the rigorous synthesis
process and the improved structural properties produced using the suggested technigue.
The TMF2DHNM offers distinct benefits over competing technologies due to its ability to
provide fine control over particle size distribution.
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The suggested TMF2DHNM exhibits average values for Specific Capacitance (62.51 F/g),
Capacity (268.53 mAh/g), Li Element Content (216.65 ppm), and Particle Size Distribution
(15.30 um). The study results indicate that TMF2DHNM exhibits superior performance
compared to current methodologies in all evaluated metrics. This includes more
extraordinary energy storage and conversion abilities and improved material
characteristics.

Conclusion and Future Scope

The field of Energy Storage and Conversion has seen a significant transformation, primarily
influenced by the use of TisC>,Tx MXene-based Flexible Two-Dimensional Hybrid
Nanomaterials. Traditional energy storage and conversion techniques have faced
significant obstacles in generating high specific capacitance, capacity, and efficient
lithium-ion storage. These issues are compounded by restrictions in particle size
distribution and control over the concentration of lithium elements.

The launch of TMF2DHNM was a significant milestone in this particular domain. The
experimental results of TMF2DHNM demonstrated exceptional characteristics, including
an average specific capacitance of 62.51 F/g, a remarkable capacity of 268.53 mAh/g, and
a consistently low concentration of Li element at 216.65 ppm throughout the duration of
the experiment. TMF2DHNM demonstrated mastery over the distribution of particle sizes,
hence facilitating consistency and durability in energy storage and conversion activities.

Even with these accomplishments, it is essential to recognize the enduring problems within
this field, such as the need for scalability and cost-efficiency in manufacturing
TMF2DHNM. Examining this technology's environmental implications and long-term
viability is a critical area of focus for future investigations. In anticipation of future
developments, the research's prospective trajectory includes expanding TMF2DHNM
manufacturing to accommodate the requirements of energy storage applications on a broad
scale. Investigating ecologically sustainable synthesis methodologies and enhancing the
material's characteristics is vital to guarantee its ongoing progress and more comprehensive
implementation within the renewable energy industry. The potential of combining TizC, T«
MXene with flexible two-dimensional hybrid nanomaterials of sustainable energy is quite
significant.
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