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ARTICLE INFO ABSTRACT
Keywords: MXenes, a revolutionary class of two-dimensional transition metal carbides and nitrides, have
2D materials emerged as exceptional materials for advanced composite applications due to their remarkable

Additive manufacturing
Transition metal carbides
Predictive modelling
Functional nanostructures

properties. MXene-based composites exhibit electrical conductivities exceeding 15,000 S/cm,
thermal conductivities up to 60 W/m-K, and mechanical strengths surpassing 500 MPa, making
them ideal for applications in energy storage, aerospace, and biomedical engineering. This review
explores the synthesis of MXene-filled composites via chemical etching, intercalation (enhancing
layer spacing by 20-50%), and functionalization (improving compatibility by 70%), and high-
lights how these processes shape the material’s properties. Applications are discussed, including
lithium-ion batteries with capacities exceeding 300 mAh/g and supercapacitors achieving energy
densities over 60 Wh/kg. Furthermore, the integration of MXene composites into 3D printing
technology enables resolutions as fine as 100 microns, offering unprecedented customization and
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precision in manufacturing. Machine learning plays a pivotal role in optimizing synthesis pro-
tocols, accelerating material discovery by 30-50%, and achieving predictive modeling accuracies
above 90%, thereby revolutionizing the design and performance of MXene-based materials. This
review will also presents a data-driven perspective on the synthesis, properties, and applications
of MXene-filled composites, bridging advanced research and practical innovation to inspire
transformative advancements across multiple industries.

1. Introduction

The field of material science and engineering has witnessed unparalleled advancements in recent times due to the convergence of
sophisticated materials [1-3], additive manufacturing technology [4,5], and artificial intelligence [6,7]. The remarkable mechanical,
thermal, and electrical capabilities of the MXene family of two-dimensional transition metal carbides/nitrides set them apart from the
plethora of materials at the vanguard of this technological convergence [8,9]. In recent years, there has been a surge in interest in
MXenes due to their extraordinary properties and wide variety of applications. The 2D transition metal carbides, nitrides, and car-
bonitrides in the MXenes family are distinguished by their high surface area, exceptional electrical conductivity, and mechanical
robustness. The A’ layer from MAX phases is usually selectively removed during their synthesis, and then different treatments are used
to customize their characteristics for specific uses [8]. MXenes are excellent prospects for a wide range of applications due to their
unique features, which include superior chemical stability [10], a highly electronic structure [11], and a high surface-to-volume ratio
[12].

MXene improves materials’ overall performance when added to composite constructions, and it also creates new opportunities for
use in the energy [13], aerospace [14], healthcare [15], and environmental industries [16]. MXenes are incredibly effective in storing
energy when used as electrode materials in supercapacitors [17], batteries [18], and electrochemical capacitors [19]. They have
improved charge storage and quicker electrochemical kinetics because of their high conductivity, broad surface area, and superior ion
transport characteristics. Furthermore, because of their surface chemistry, durability in adverse environments, and catalytic activity,
MXenes have become effective catalysts for various electrochemical processes [20]. MXenes also have outstanding sensing properties
and are used in gas sensing, biological diagnostics, and environmental monitoring [21]. Because of its vast surface area, chemical
sensitivity, and electrical properties, analytes may be detected with high sensitivity and selectivity. Furthermore, MXenes show
promise in medicinal applications such as drug delivery [22], tissue engineering [23], and bioimaging [24] due to their biocompat-
ibility, adaptable surface chemistry, and ability to interact with biological molecules [25,26]. Overall, MXenes’ remarkable qualities,
distinct synthesis pathways, and range of valuable uses highlight their promise as revolutionary materials in several scientific and
technological domains.

3D printing, a sub-sector of additive manufacturing, has emerged as a state-of-the-art method that gives precise control over
composition and geometry for building complex objects [27]. The production of MXene-based materials and their composites has
increased over the last several decades through 3D printing processes [28]. 3D printing’s versatility allows for the creation of intricate
MXene structures with unique properties, which speeds up the manufacturing of helpful parts and gadgets. Researchers may use
MXenes’ unique qualities, such as high electrical conductivity, mechanical strength, and chemical stability, to give printed products

PHRR, peak heat release rate; HPSi, hyperbranched polysiloxane; PTFE, polytetrafluoroethylene; LLDPE, Linear low-density polyethylene; PEG6-
COOH, polyethylene glycol carboxylic acid; TENG, triboelectric nanogenerators; EMI, electromagnetic interference; PEO, polyethylene oxide; CNF,
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GNP, graphene nanoplatelets; CNT, carbon nanotubes; COF, coefficient of friction; FLM, few layered mxene; LDH, layered doubled hydroxide; EMA,
electromagnetic wave absorption; CMC, ceramic matrix composites; f-HBD, f-hydroxybutyrate dehydrogenase; DPV, differential pulse voltammetry;
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PSs, Photosensitizers; ROS, reactive oxygen species; HU, hounsfield units; MNOH, MXene nanocomposite organohydrogel; TDN, Tetrahedral DNA
nanostructures; GCE, glass carbon electrode; ERGO, electrochemically reduced graphene oxide; CBZ, carbendazim; MIECS, molecular imprinting
techniques (MIT)-based electrochemical sensors; XAS, X-ray absorption spectroscopy; NLiB, non-lithium-ion batteries; NMM, NiS,-MoS,@MZXene;
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these qualities by adding MXenes to 3D printing filaments or inks [29,30]. Furthermore, there is potential to maximize the perfor-
mance of the produced composites for particular applications due to the ability to accurately manage the orientation and distribution
of MXene particles inside the printed matrix [31]. 3D-printed MXene composites have the potential to handle a variety of technological
difficulties and advance the area of additive manufacturing, from energy storage devices to structural components [32]. It is antici-
pated that more studies in this field will open up new avenues for creating sophisticated materials and gadgets with specialized
characteristics and improved functioning. Compared to the 3D printing technique, 4D printing offers time or environmentally stim-
ulated programmable shape transformation capability of materials [32]. This is especially applicable to MXene-based materials. The
intelligent responsiveness of the MXene-filled composites can be further achieved by incorporating the 4D printing technique, which
extends their applications in the fields of flexible electronics, wearable devices, and biomedicine. Furthermore, 4D technology allows
for the more precise control of material behavior under different conditions, offering further optimization of adaptive properties and
structural changes in MXene composites, hence driving innovative applications in state-of-the-art domains.

Machine learning (ML) techniques have emerged as important tools in materials science and engineering, providing new oppor-
tunities for accelerating the development and optimization of advanced materials such as MXenes and their integration into 3D
printers [33]. Machine learning offers enormous promise for comprehending complex structure-property relationships [34], antici-
pating material behaviour [35], and guiding the design of MXene-based composites with tailored characteristics [36]. One of the key
areas where machine learning excels is in the prediction of MXene synthesis parameters and material properties [37]. By leveraging
large datasets encompassing various synthesis routes, precursor materials, and processing conditions, ML algorithms can identify
trends and correlations, enabling the optimization of synthesis protocols for desired MXene properties [38]. For example, ML algo-
rithms can predict the optimal conditions for chemical exfoliation or etching of precursor materials to yield MXenes with specific
morphologies, layer thicknesses, surface chemistries, and electronic properties.

Furthermore, machine learning facilitates the rapid screening of MXene-based composite formulations and processing parameters
for additive manufacturing via 3D printing [27]. With the growing interest in incorporating MXenes into 3D-printed structures for
diverse applications, ML algorithms can streamline the material design process by modelling the relationships between composition
[34], processing parameters [39], and final material properties. This predictive capability enables researchers to iteratively optimize
MXene-loaded filament formulations, printing parameters (e.g., temperature, speed, layer height), and post-processing steps to achieve
desired mechanical, electrical, or thermal performance metrics [40]. Moreover, machine learning-driven optimization extends beyond
material synthesis and processing to the design of functional MXene-based devices and structures [41]. ML algorithms can assist in the
virtual prototyping and design optimization of 3D-printed components, considering geometric constraints, loading conditions, and
performance requirements. For instance, ML algorithms can generate design recommendations for MXene-infused scaffolds for tissue
engineering applications, balancing porosity, mechanical strength, and biocompatibility [42,43]. Additionally, machine learning
enables integrating data-driven quality control and defect detection strategies into the 3D printing process [33,44]. By analyzing
sensor data, image data, and real-time feedback during printing, ML algorithms may detect flaws, deviations from required geometries,

Table 1
The critical gap in previous studies on MXene-based materials.

Study Summary How This Work is Different How This Work is Helpful Reference

MXene chemistry, Focuses on MXene composites for Broadens the scope by integrating Provides a multi-disciplinary [52]
electrochemistry and energy storage applications, insights on energy storage, perspective on MXene composites,
energy storage emphasizing material properties aerospace, and biomedical aiding researchers in exploring new
applications and electrochemical performance. applications, including advanced applications beyond energy

thermal and electrical properties. storage.

MZXene-integrated Highlights MXene’s role in drug Expands beyond biomedical usesto  Offers a unified view of MXene [53]
composites: regenerative  delivery, imaging, and tissue include aerospace and potential across biomedical,
medicine, infection engineering, with a focus on environmental applications, with aerospace, and industrial sectors,
therapy, cancer biocompatibility and functionality. added emphasis on mechanicaland  promoting cross-sectoral
treatment, and thermal properties. innovations.
biosensing.

3D printing of freestanding Explores the use of MXenes in Goes beyond 3D printing Bridges additive manufacturing [54]
MXene architectures for additive manufacturing, specifically ~ challenges to discuss synergies and advanced materials,
current-collector-free 3D printing, emphasizing challenges  between 3D printing, material showcasing strategies for custom-
supercapacitors and innovations in printing customization, and machine designed MXene composites.

processes. learning.

Recent advance on machine Discusses machine learning’s role in  Integrates machine learning with Presents a forward-looking [55]
learning of MXenes for predicting MXene properties and 3D printing and diverse application =~ approach by combining Al-driven
energy storage and synthesis optimization but lacks areas, presenting a holistic materials design with real-world
conversion. integration with 3D printing or framework for MXene composite manufacturing techniques.

broader applications. advancements.
MXene-Filled Composite Comprehensive review of MXene Combines synthesis, advanced Provides an integrative perspective  This work

Structures: Synthesis,
Properties, Applications,
3D/4D Printing, and Al
Integration

composites, emphasizing synthesis,
properties, and multi-domain
applications. Highlights integration
with 3D/4D printing and machine
learning for material optimization.

properties, and diverse
applications with a focus on
additive manufacturing and Al-
driven innovations, presenting a
holistic approach.

across material design,
manufacturing, and optimization
using emerging technologies,
guiding researchers in developing
next-generation MXene-based
solutions.
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and process instabilities, allowing for real-time corrections. This proactive method improves production productivity, lowers material
waste, and assures the repeatability and dependability of 3D-printed MXene composites.

Moreover, integrating MXenes into robots is another area in which machine learning is critical [45]. MXene-based materials have
distinct features, including flexibility, conductivity, and environmental stability, making them ideal candidates for creating sophis-
ticated robotic systems [45-47]. Machine learning methods can help design and control of MXene-based robotic structures, improving
mechanical performance, sensing capabilities, and autonomous behavior [48]. Using ML-driven methodologies, researchers may
investigate innovative topologies, material combinations, and control strategies for MXene-enhanced robots, opening up new possi-
bilities in sectors such as soft robotics [49], wearable devices [50], and human-machine interaction [51]. This collaboration of MXene
materials, 3D printing technology, and machine learning algorithms lays the path for the next generation of intelligent and adaptable
robotic systems with unrivalled capabilities and adaptability.

This review paper aims to comprehensively explore the synthesis, properties, and applications of MXene-filled composite struc-
tures, with a specific focus on the transformative influence of 3D printing and machine learning. As we delve into the synthesis
methods and properties of MXene-filled composites, we will unravel the intricacies of incorporating this remarkable material into
various matrices. From there, the discussion will extend to the diverse applications of these composites, showcasing their versatility in
addressing challenges across different industries. Integrating 3D printing technologies marks a pivotal point in the evolution of MXene-
filled composites, offering unparalleled precision and design flexibility. We will delve into the advancements and challenges in uti-
lizing 3D printing for fabricating MXene-filled composite structures, emphasizing the impact on material customization and
manufacturing efficiency. Furthermore, this review will explore the symbiotic relationship between machine learning and the opti-
mization of MXene-filled composites. From predictive modelling to materials discovery, machine learning algorithms are revolu-
tionizing the way we approach material science. Case studies illustrating the successful amalgamation of machine learning techniques
with MXene research will underscore the potential for accelerated development and breakthroughs in this field. In examining the
convergence of 3D printing and machine learning in the realm of MXene-filled composite structures, we aim to provide insights into
synergies that can push the boundaries of material science.
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Fig. 1. MXene types and compositions. Reprinted from the Ref. [77].
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Recent reviews published in the past two to three years have largely focused on specific areas of MXene research, such as energy
applications, biomedical uses, printing technologies, or machine learning applications as shown in Table 1. While these works have
provided valuable insights, they often address these topics in isolation. The primary novelty of this review lies in its comprehensive
approach, bringing together all these key application areas under one cohesive framework. By integrating discussions on energy
applications, biomedical advancements, 3D/4D printing technologies, and machine learning-driven innovations, this review offers
readers a unified perspective on the multifaceted potential of MXene-filled composites.Additionally, the inclusion of tables summa-
rizing critical data and advancements further enhances the accessibility of this information, enabling readers to easily compare and
understand the synthesis techniques, properties, and applications of MXene-based materials across diverse fields.

The possibilities presented by this technology offer improvements not only in material properties but also pave the way for
groundbreaking applications with implications for sustainability, efficiency, and performance. This study will expand the compre-
hension of these technologies’ revolutionary potential as we traverse the complexities of MXene-filled composites and their interaction
with 3D printing and machine learning. Moroever, we aim to stimulate more research and development at the intersection of materials
science, additive manufacturing, and artificial intelligence by synthesizing current knowledge and adopting a forward-looking
viewpoint.

2. Types of MXene and their structure

The structural appearance of MXene may be explained as (MX), M pattern with n+1 layers of element X (carbon/nitrogen) and n
layers of transition elements of metal M. The structural pattern of MXene is presented in Fig. 1. MXenes, which include M3X, M3X,, and
MyX3, have been given several formulas [1]. Image scanning verifies MXenes’ multilayer pattern. A significant amount of research is
done using computational simulations to investigate novel stable compounds and analyze the structures of MXenes [56-58]. These
investigations have yielded six distinct kinds of MXene structures, including ordered out-of-plane double-M elements such as Mo,TiCy
and Mo, TiyCs and mono-M elements such as TisC and Nb4Cs. as well as ordered in-plane double-M elements such as (Moy/3), in which
separate M elements are positioned in the basal plane [59]. There are two possible ways that vacancies might be distributed: randomly,
as in Nbj 33CTyx [60], or systematically, as in Moj 33CTx [61] and W; 33CTx [62,63]. These computational investigations make
investigating new and stable MXene compounds easier, offering insightful information about the structural characteristics of MXenes
[64]. Table 2 shows different MXene types, and their synthesis method, properties and applications. It is possible that MXenes con-
taining a doublet of transition metals have been discovered and exist in two forms: ordered form (transition elements are arranged in a
suitable sequence) [65] and solid solution form (two transition elements can fill the M sites at random) [66]. For example, (CraV) Cy
forms the ordered solution, while (TiV)3Cy is accessible as a solid solution [67]. Important factors governing MXene’s applicability in
environmental engineering include its physical condition and ordered structure. Many methods for creating flaky nanomaterials with
exceptional properties have been developed recently.

A chemical etching technique was used in 2011 to create MXenes. This involved exfoliating the laminar proportionate “A” from the
matrix component (MAX) in ammonium bi-fluoride (NH4HF5), fluoric acid (HF), or fluoric acid combined with lithium fluoride (LiF).
This was followed by an additional sonication process at room temperature [68]. The word “MAX” refers to the chemical makeup of the
parental components that belong to My 1AX;,, where n can be any of the following: 1, 2, or 3. *A’ can be any of the elements in IIIA/IV
A: Ga, Al Si, In, Ge, Pb, Sn, P, S, Cd, or As.

These days, MXenes may also be derived from laminated phase components, such as zirconium and holmium, which are catego-
rized as derivatives of MAX components (d-MAX) [69]. Carbide MXenes can be produced by selectively etching Al-C sublayers
generated from Zr3AlsCs and Hf3[Al(Si)4Cs] and Si fused Al-C, respectively [70]. Silicon can improve ternary carbide layer etching
during the etching process by creating a weak adhesive link between the Hf-C/Al(Si)-C sublayers [71]. The physical and chemical
properties of materials based on MXene are heavily influenced by surface functional groups, affecting the materials’ suitability for
various environmental applications [72]. Different oxygen (-O), fluorine (-F), and hydroxyl (-OH) functional groups often form their
formation onto MXene surfaces. Because of this, MXenes are written as My, 1X;,Tx, where T stands for the functional groups that have
been exfoliated off the surface. Ti3sCy; MXene, for example, can have at least three distinct notations: Ti3C203, TisC3(OH),, and TizCyF,
[73]. Generally speaking, MXene consists of a mixture of these functional groups, meaning that different synthetic techniques have a
relative impact on the involved quantities. In general, a hydrophilic surface facilitates the adsorption of polar and ionic species. It has
been noted that F group components are typically not chosen when MXenes are used for adsorptive purposes. Because hydroxyl and
oxygen groups are intended to be far more stable, F group terminations might be made up for by employing OH groups following
rinsing or storage in water [74]. Therefore, -O and —OH functional groups are involved in a number of terminations related to MXenes
that may be achieved by modifying chemical etching techniques. This demonstrates that, despite their greater atomic weight, MXenes
can show improved adsorptive efficacies compared to other nanomaterials based on carbon, such as graphene [7]. Lately, chemical
vapour deposition technology has been intentionally used to synthesize bare MXene (MO,C) without adding functional groups [75].
Their exceptional physical characteristics have been effectively investigated using density functional theory (DFT) [76]. It is known
that the metallic constituents that do not terminate are highly active and have a higher level of chemical reactivity than other con-
stituents. Therefore, further research in this area must focus on the adsorptive properties of MXenes without the connection to
functional groups.

3. Synthesis of MXene

The evolution of MXene synthesis methods influenced their electrical properties [134], physicochemical properties [135], and an
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Table 2
An overview of all MXene classifications
Reference Year of MXene Precursor Etching Technique Properties Applications
discovery Category
[78-83] 2011 TizCoTy TizAlC, TizAlC, in 50% HF Outstanding volumetric Sensors, supercapacitors,
(Hydrogen fluoride) capacitance, heat resistance, antibacterial components,
simple machinability, and batteries
exceptional thermal and
electrical conductivity

[84-86] 2012 TioCTy TipAlC Ti,AlC in 10% HF P-type semiconductor Pulse modulators, electrode
properties, photoexcitation, coatings, supercapacitors,
gas sensitivity, nonlinear membranes, field effect
optical properties, good transistors, transmissive
electrical conductivity, and saturable absorbers
superior mechanical
properties

[87] 2012 Ti3(CN)T, TizAICN Ti3AICN in 30% HF High electrical and thermal Solar cells, Sensors,
conductivity, good thermal Supercapacitors,
stability, tough and fatigue- Electromagnetic Shields,
resistant Ultrafast Photonics,

[88-91] 2012 TasCsTy TayAlCs TayAlC3 in 50% HF Metallic conductivity, small Supercapacitors, sodium-ion
band gaps, a plastic layer batteries, lithium-ion batteries,
structure, and the hydrophilic and lithium-sulfur batteries,
nature, aqueous stability, biomedical and immune
subcellular-level interactions, engineering applications
biocompatibility, partial
electron transformation,
optical properties, absorption,
colloidal stability, pH
dependent surface charge

[92-97] 2013 V,oCTy V,AIC V,AIC in 50% HF Good electrical conductivity, Gas sensors, metal ion
chemoresistitivity,mechanical batteries,
strength, and electrochemical
pseudo-capacity, larger active
area per mass

[18,98-102] 2013 Nb,CT, Nb,AIC Nb,AIC in 50% HF Outstanding conductivity, Secondary batteries, Li-ion
near zero bandgap, battery, Na ion battery, K ion
electrocatalytic, battery, Li-S battery,
photocatalytic, supercapacitors, sensors,
electromagnetic properties photodetector, perovskite solar

cells,

[103-108] 2014 Nb4CsTy Nb4AIC3 Nb4AIC3 in 50% HF High electrical conductivity, Large-area conductive films,
photodetection, higher binders and current collectors
catalytic activity, high of energy storage devices,
volumetric capacitance battery and supercapacitor

electrodes, antennas, and
electromagnetic interference
shields, structural composites,
fibres, protective coatings,
nano-resonators, textiles, and
membranes

[109-112] 2015 Mo,CTy Mo,GayC Mo,Ga,C in 50%HF Excellent catalytic activity, Hydrogen evaluation reactors,
electrochemical stability, energy storage devices,
hydrophilicity, electrical humidity detectors, gas sensors
conductivity, lower
overpotential, efficient and
cheap energy conversion,
excellent hydrogen adsorption
capacity

[113] 2015 (Cr,Ti) Cr,TiAlC, Cr,TiAlC; in 48-51% HF Higher thermal conductivity Thermoelectricity, protective

CoTy and electrical conductivity coatings, low friction surfaces,
and high-temperature
electrical contacts

[114] 2015 (Mo,Ti) Mo,TiAlC, Mo,TiAlC, in 48-51% HF Larger electronic properties, Metal ion batteries and water

CoTy excellent thermal and purification
magnetic properties
[115] 2016 Zr3CoTy Zr3Al5Cs Zr3Al3Cs in 50% HF Energy stability High-temperature applications
[13,116] 2016 (Mo,Sc) Mo4ScAIC, Mo,ScAIC; in 48% HF - -
CoTy

(continued on next page)
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Reference Year of MXene Precursor Etching Technique Properties Applications
discovery Category
[117] 2016 TigN3T, TisAIN3 Ti4AIN3 in 50% HF Visible light absorption at Electrocatalysis and (opto)
energies greater than ~2.0 eV, electronic applications,
high conductivity and stability =~ semiconductors
in aqueous media,
semiconducting ability, low-
temperature semiconductor-
to-metal transition under a
magnetic field, enhanced
efficiency and reliability for
grid storage solutions
[118-121] 2016 (Mo,Tis) Mo, TiAlC, Mo,TiAlC, in 50% HF + Excellent capping Vacuum-assisted filtration,
CaTy TBAOH performance, low density, laminate films, capacitors
(Tetrabutylammonium outstanding metal
hydroxide) conductivity, large specific
surface area, higher
capacitance
[122] 2017 Mo, 3CTy (Moy,3Sc1, (Moy,3Sc¢1,3)2A1C in 48% High capacitance, electronic Capacitors, conventional
3)2AIC HF transport properties, crack batteries
healing properties.
[123,124] 2017 VoNT, VLAIN Ammoniation of V,C Improved opto-electronic and Biosensors, water purification
magnetic properties
[123,125,126] 2017 MOooNT, Mo,C Ammoniation of Mo,C Photoreduction performance Optoelectronic devices
[71,127] 2017 Hf3C,Ty Hf3[Al Hf3[A1(S1)]4Ce in 35% HF Intermediate strength within Cathode additives, electrolytes,
(S1)14Ce the range between strong reusable biosensors
physisorption and weak
chemisorption
[63] 2018 Wi 3CTy (Wy,/3Scy, (W2/3S¢1,3)2AlC or (Wo, High specific surface area and Energy devices
3)2AIC or 3Y1/3)2AIC in 48% HF electrical conductivity
(W2/3Y1/
3)2A1C
[105,128,129] 2018 Nb; 33CT, (Nby,3S¢1, (Nby,3S¢1,3)2AIC in 48% Higher electrical conductivity Supercapacitors
3)2AIC HF and capacitance
[130-133] 2018 V4Cs3Ty V4AIC; V4AIC3 in 40% HF Electrocatalysis, structural Li-S batteries, electrocatalytic

stability, adsorption,
electrochemical activity

devices

extensive variety of applications. MXene synthesis processes are classified into three types: etching, top-down, and bottom-up [136].
The MXenes layered structures are created by etching the “A” components from the MAX phases of the parent three-dimensional (3D)
layer. The top-down procedure was previously regarded as the most common approach for synthesizing MXenes, as shown in Fig. 2. In
contrast to the top-down fabrication method, which often necessitates a large number of precursor materials, the bottom-up synthesis
manufacturing method necessitates few organic or inorganic molecules/atoms when carefully creating the structure.

Through the selective chemical etching of a few atomic layers formed from carbide, nitride, and carbo-nitride pre-treatment agents,
at least 20 MXenes have been obtained thus far [137]. Etchants can be broadly categorized into two groups, for example, aqueous salts
containing fluorine ions [138]. In the early phases, MXenes are distinguished from MAX components by completely immersing MAX

Applications

(b)

Synthesis

(a) Conventional synthesis of MXenes
M,AX;
M;AX,

Molten-salt etching

HF-free etching

Energy harvesting

Energy storage

Fig. 2. (a) Crystal structure transition of the MAX phase and typical exfoliation into MXenes. Adopted from the reference [141]. (b) The green
method to MXene synthesis and its possible uses. Adopted from the reference [142].

MX
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systems in certain acids and breaking down M-A bonds. The two decisive criteria in such a technique are the length of the corrosion and
the total agitation. The methods for the production and use of MXene are listed in Table 2. Top-down and bottom-up mechanisms are
the two primary methods used to synthesise 2D MXenes. While the bottom-up strategy [139] focuses on forming MXenes from atoms/
molecules, the top-down method [140] correlates to the exfoliation of massive crystal amounts into single-layered MXene sheets.

3.1. MAX phases for MXenes

The MAX phases are nano-laminated layered solids with unique properties, including stiffness, lightweight, oxidation and creep
resistance, metallic conductivity, and exceptional thermal shock resistance [143-145]. Hans Nowotny and his colleagues made sig-
nificant contributions to the field of crystal chemistry throughout the 1960s [146]. The M3BX, also known as the MAX phases, was
among the numerous families found [147]. This family had around 50 members. Helga Rohde and Hans Kudielka initially described
the MAX phases, TisSC and Zr,SC, in 1960 [148]. Here, M is an early transition metal, A is a group A element, and X might be C or N.
One of them changed the name to align with Nowotny’s American periodic table, which labels B elements as A and vice versa. In 1988,
the International Union of Pure and Applied Chemistry (IUPAC) resolved the uncertainty by numbering the columns of the periodic
table. After the discovery of Ti3SiCy and Ti3GeCo, the family grew to My 1AX,, where n might be 1 or 2 [149]. Schuster, a student of
Nowotny, identified the Ti3AlCy phase in 1994 [150]. In 1999, the discovery of the Ti4AIN3 phase led to an increase in the number of
MAX phases to three [118]. Transmission electron micrographs of thin films have shown areas with n > 3. Ternary phases crystallize in
the space group P63/mmc, and the Mn+1AXn notation is used to describe their stoichiometry in Table 3. Short notations for M, A, and
X include 211 (n = 1) for MAX, 312 (n = 2) for M3AX,, and 413 (n = 3) for MyAX3, among others. The short format will be used
throughout. The MAX phases were primarily overlooked until 1996 when Barsoum and El-Raghy discovered their exceptional char-
acteristics in dense, single-phase Ti3SiCy samples [151]. Barsoum and colleagues pioneered the creation and characterization of
multiple MAX phases. In 2011, Ti3AlC, was selectively etched with HF to create the first 2D MXene, Ti3CoTz, with surface terminations
(O, OH, F) replacing the Al [78]. The MXene era began a year later with the discovery that selective etching of Al layers could be used
for additional Al-containing MAX phases [152]. The unique features of 2D materials, such as hydrophilic and metal-like conductors,
have sparked much investigation. Since its discovery in 2011, the number of citations and articles on MXenes has almost quadrupled
annually. MXene research has become a global enterprise. The MAX phases are necessary for MXenes to exist. The ability to create
unique MXenes from various MAX stages sparked renewed interest in discovering new ones. In 2019, Sokol et al. documented 155 MAX
phases [153]. Over the past few years, the number of MAX stages has more than doubled. This work aims to catalogue all known MAX
phases, with a focus on newer ones. It also highlights advances in the overall number of MAX phases (i.e., 342) and their symmetrical
variants.

While certain classic MAX phases are machinable, it is still being determined if this is true for all documented MAX phases to date.
The MAB stages are comparable to the MAX phases. The latter are layered borides comprising a transition metal (M), an A-group
element (A), and boron. MAB phases differ significantly from MAX phases in terms of structure. MAX phases have a hexagonal P63/
mmc structure, whereas MAB phases have more structural and compositional variations, including orthorhombic (M2ABy, M3AB4,
M4ABg, M4AB4, M2A2By) [154-157], tetragonal (MsABy) [158], and hexagonal (M2ABy, M3AB4) symmetries [159]. The hexagonal
MARB phases have flat B-layers that create a honeycomb lattice. In contrast, the B-layer in the B-based MAX phase produces a hexagonal
lattice.

The “classic” MAX phases belong to space group P63/mmc, where M is an early transition metal, A is an A-group element (groups
12-16), and X can be C, N, B, or P. The term “classic” refers to Nowotny’s findings, where n might range from 1 to 6 but does not always
imply age. Recently, B-containing MAX phases have been identified [160]. According to the traditional definition, it falls under the
first group of MAX phases. Bottom-up synthesis of MAX phases allows for direct synthesis, including powder metallurgy and thin film
deposition. This category includes ternary MAX phases and alloys, as well as multi-element solids with disorder on M-sites in high-
entropy MAX phases [161], as long as they follow the hexagonal P63/mmc space group symmetry and can be synthesized in a sin-
gle step. Bottom-up MAX phases include both out-of-plane ordered o-MAX phases and in-plane ordered i-MAX phases [162], which are
produced mainly by powder synthesis. The i-MAX phase crystallizes in either orthorhombic or monoclinic C2/c and C2/m symmetry
[151], with minor changes in stacking patterns.

The top-down synthesis of MAX phases is identical to the first, but it includes A-site features beyond groups 12-16. The modification
of the A-group layers is what distinguishes a top-down synthesized MAX phase rather than the chemistry. These phases are commonly
generated from a bottom-up MAX phase precursor, with the A-layer being partially or completely changed in post-synthesis operations.
We refer to two approaches: (i) the molten salt method [163] for substituting group 12 to 16 elements with a more diversified group
containing transition metals, including Mn, Fe, Co, Ni, Cu, and Zn. (ii) Thermally driven exchange processes can replace Al, Si, and Ga
layers with Au or Ir in MAX phase thin films [164]. Top-down synthesized phases exhibit in-plane order within the A-layers [165].
Finally, there are a few outliers known as MAX phases, whose chemistry differs from the typical pattern. Phases consist of My 1Xp
building blocks interleaved by a double layer of A. Examples include Mo2GayC, TioAusC, NbyBisC, TigAusCo, and TizCdaCo.

3.2. MXene Synthesis Methods

MAX phases exfoliate into MXenes; this is an inevitable process in the synthesis of MXene-filled composites and directly influences
their structural and functional performance. Table 4 shows the various etching processes of MXene from MAX phase. Of the various
methods developed, chemical etching has emerged as the most developed route for the selective removal of the A-layer in MAX phases,
especially with the use of HF or HF-derived solutions, such as LiF + HCl. These MXenes display layered structures with surface
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Table 3
Max categories of MXene
Max category MAX Phase Ref.
AlC Ti»AlC, V,AIC, CroAlC, TaoAlC, Nb,AIC, Hf,AlC, Hf3AIC, [166]
Zr,AlC [167]
TisAIN [168]
Ti3AlC, [169]
Zr3AlC, [170]
TasAlC,, TasAlCs [171]
V,4AICs [172]
Nb4AIC3 [173]
TasAlCs [174]
Ti,AIN; [175]
TisAlCs [176]
SiC Ti4SiCs, TisSioCs, TizSiaCs [177]
Ti5SiC, [178]
PC V,PC [179]
Nb,PC [180]
SC TixSC [181]
Zr,SC [182]
Nb,SC [183]
Hf,SC [184]
SB Zr,SB, Hf,SB [185]
Nb,SB [186]
FeC TasFeC, NbyFeC, Ti,FeN [187]
CoC NbyCoC, TapCoC [188]
NiC Nb,NiC, Ta,NiC [189]
CuC Nb,CuC [190]
ZnC Ti»ZnC, V,ZnC, TizZnC, [191]
Nb,ZnC [192]
ZnN TisZnN [193]
GaC Ti,GaC, NbyGaC, TayGaC, CryGaC, TizGaCy, TisGaCs [194]
V,GaC, Mo,GaC [195]
Mn,GaC [196]
Mo,Ga,C [197]
GaN TipGaN, V,GaN, Cr,GaN [198]
GeC V,GeC, CryGeC [199]
Nb,GeC [200]
Zr,GeC [201]
TisGeCs, TisGesCs, Ti;GeoCs, TizGeCy [202,203]
AsC V>AsC, Nb,AsC [204]
SeC ZroSeC [205]
Hf,SeC [206]
SeB Zr,SeB, Hf»SeB [207]
CdC TiyCdC, TioCdN [208]
TisCd,Cy [209]
InC Ti2InC, Zr2InC, Hf2InC [210]
Nb,InC [211]
Zr3InCy, Hf3InCy [212]
TisInCy [213]
InN TisInN, ZrpInN [214]
SnC TisSnC, Zr,SnC, Hf,SnC [215]
SceSnC [216]
V,SnC [217]
Nb,SnC [218]
LuySnC [217]
ZrsSnCy, Hf3SnCy [219]
TizSnCe, TizSnCy, TizSNCe [220]
SnN Hf,SnN [221]
SnB Nb,SnB [222]
Sbp Ti,SbP, Zr,SbP, Hf,SbP [223]
SbC Nb,SbC, TizSbC, [189]
TeB Hf,TeB [224]
IrC TislrCy [225]
PtC Nb,PtC [189]
AuC TisAuCy, TisAu,Cy [225]
TisAu,C [226]
Mo,AuC [227]
Nb,AuC [189]
Cr,AuC [228]
AuN TioAuN [229]

(continued on next page)
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Table 3 (continued)

Max category MAX Phase Ref.
TIC Zr,TIC, Hf,TIC, Ti,TIC [230]
PbC Zr,PbC, Hf,PbC [231]
ScoPbC [232]
Ti,PbC [233]
Zr3PbC,, HfsPbCy [234]
BiC Nb,Bi,C [189]
Table 4

A description of the various etching processes used to make MXenes.

Etching Method Advantages Disadvantages Etchant MXene type  Ref.
HF wet chemical High efficiency, appropriate for most MXene HF is highly corrosive and HF, HF + HCl TiaCTyx [238]
etching preparations presents operational concerns. Nb,CTy [239]
Mo,CTyx [240]
TioNTx [241]
Vi20CTx [242]
TisCNTy [243]
Mo 33CTx [244]
Nb; 33CTy [245]
Wi.33CTx [62]
Ta,C3Tx [246]
Mo,TiCoTy [247]
Mo,Ti,CsT,  [248]
V4CsTx [131]
Nb4C3Tyx [249]
Zr3CyTy [115]
V,CTy [250]
TizCaTx [251]
Fluoride salt/acid wet ~ The capacity to remove surface material on a Corrosive chemicals and nature LiF, NaF, CsF, CaF,, Mo,CTy [252]
chemical etching part-wide basis doesn’t make extensive use of KF, NH4F with HCI, Tip,CTy [253]
chemicals. H,S04 TizCNTy [254]
TizCaTx [255]
V,CTy [250]
Nb,CTy [256]
W1.33CTx [62]
Fluoride salt wet Precise etching method, easy disposal of by- Costly processing NH4HF,, NH4F TizCoTx [257]
chemical etching products
Alkali treatment wet Low cost, simple to access raw resources, and Needs a long reaction timeanda  NaOH TizCoTx [258]
chemical etching minimal operational risk high reaction temperature.
UV-induced wet Enhanced precision and control over the Large energy requirement and UV light + H3PO4 Mo,CTy [259]
chemical etching etching process costly method
Molten fluoride salt Less caustic and hazardous raw materials are High temperatures and a KF + LiF + NaF TigN3Ty [118]
etching used. protected environment are
required.
Molten Lewis acid salt  Significantly increased safety, high Leads to MXene clays that ZnCl,, CuCl,, NiCl,, TizCoTx [260-
etching adaptability to etch non-Al MAX precursors cannot be dissolved in water, FeCl,, AgCl, CoCly, 263]
and the capacity to give MXenes surface hence impeding further CdCl,, CdCl,, CdBry TasCTyx [188]
functionality that can be controlled processing. TixCTx [264]
TisCNTy [264]
Electrochemical Low cost, simple to access raw resources, and It is necessary to add more HCI, NH4Cl + TipCTx [265]
etching minimal operational risk power supplies. TMAOH TizCaTx [266]
TisCNTx [267]

terminations like -OH, -F, and -O, which dramatically impact their chemical activity and compatibility with matrices in composites
[235]. The HF-based etching technique, while effective, poses environmental and safety hazards that further open the door to utilizing
milder alternatives, such as the alkaline etching process. These indeed realize more stable MXenes that could compromise conductivity
and exfoliation efficiency, and their optimization therefore needs to be carefully considered for each composite application.

Intercalation-assisted exfoliation and mechanical methods represent different ways of obtaining high-quality MXenes for com-
posites. Intercalation, assisted with typical agents like dimethyl sulfoxide or urea, expands the layers of MXene by weakening the
interlayer van der Waals forces and thus allows for easy delamination without significant structural damage [236]. This allows
enhanced solvent dispersibility and controlled functionalization in line with composite requirements. Among these are ball milling and
ultrasonication, which are all mechanical exfoliation methods and generally depend on physical separation of the MXene layers,
mostly without heavy chemical modification. Though very effective, these mechanical methods might introduce structural defects into
the material that will affect the mechanical or electrical properties of the ensuing MXene-based composites.

Advanced exfoliation techniques, including plasma-assisted and electrochemical etching, have been developed to create promising
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pathways toward synthesizing MXenes with precise control over layer thickness and functionalization. Plasma and laser irradiations
are able to exfoliate while simultaneously functionalizing the MXenes, yielding defect-free nanosheets suitable for high-performance
applications. Electrochemical etching represents another ’green’ approach, since it relies on anodic oxidation [237]. Scalability is still
poor. In particular, all these methods are of interest for composite systems, whereby defect density and layer uniformity are of essence
for achieving optimal thermal, mechanical, or electrical performances. By tuning exfoliation in accordance with a particular composite
design, researchers are in a position to exploit special properties of MXenes that would be hardly applicable for various applications.

3.2.1. Etching

There are several methods for preparing MXenes. Different terminal functions can be added to the M atoms to complete their
coordination spheres and decrease their surface Gibbs free energy, thanks to variations in their etching techniques. Therefore, their
manufacture is greatly influenced by the MXene’s surface characteristics. Various kinds of preparation techniques are covered in this
article.

3.2.1.1. Hydrofluoric Acid (HF) Etching. Owing to the extensive study conducted on MXenes, etching techniques have been applied
extensively, particularly the HF acid etching approach, which remains the most popular technique. In 2011, Naguib et al.[78] sug-
gested using HF acid etching to create the TizAlC; MAX phase. The HF acid produces H; while removing Al layers from the TizAlCy
MAX phase by a straightforward displacement process. TizsC2Tyx (Where T stands for the -O, -F, and -OH) and H; are also produced when
deionized water reacts with the HF acid solution. Ti;AlC, (TipsNbgs) 2AIC, TigAICN, Ta4AlCs, (Vo 5Crgs) 3sAlCy, NbyAlIC, and many
MAX complexes of Zr3AlsCs, TizSiCa, and Mo2GayC were effectively stripped into MXenes by HF acid etching [68]. Since 2011, HF acid
etching has been the most effective production method for MXenes materials. The final product’s characteristics, such as the kinds and
concentration of defects, the thickness and lateral size of the MXene phases, and the species and contents of the surface terminal
groups, are greatly influenced by processing variables like the temperature, length of the etching reaction, and concentration of the HF
aqueous solution [268,269]. Effective use of these selective methods has allowed for the successful creation of MXene phases with
various compositions and layers. High-quality MXenes layers are partly designed by the temperature, time interval, and density of F
ions during the HF acid etching process [270]. TizCyTx creates a superb layered structure with high concentrations of HF, which is
challenging to do with other acid solutions, as validated by Alhabeb et al. [271]. MXenes produced using the HF acid etching method
maintained their distinct surface features and their -O, ~OH, and -F functions. Using ion-beam and electron microscopy, Shuck et al.
[169] and Jawaid et al. [272] recently investigated the etching behaviour of MAX-phase Ti3AlCy in various etching chemicals at the
atomic scale. They looked at how the etching agents and etching time affected the structure of the Ti3AlCy phase and found that,
despite their contact with the HF etchant, the edge Al atoms at the mid layers of the MAX-phase Ti3AlC; are not erased. Additionally,
the HF etchant caused the grain boundary to be etched. Ti3AlC, was etched for three hours using the bulk etching approach, as seen in
the scanning transmission electron microscope (STEM) micrograph, which showed several etched areas. Additionally, the extension of
the MAX-phase TizAlC,’s d-spacing (i.e., 0.97 nm) to 1.02 nm is demonstrated by the selected area electron diffraction (SAED) pattern,
indicating the successful conversion to Ti3C2Tx MXene at the etching boundary. Also, TizCoTx MXene was synthesized by Cho et al.
[273] through a combination of ball milling and chemical etching from TizAlC, powder. The study examined the effects of ball milling
and etching durations on the physiochemical properties and the electrochemical performance of the resulting Ti3C; MXene. Notably,

Fig. 3. FESEM images of MXene prepared with varying HF etching durations: (a, d) BM-12H, (b, e) M-24H, and (c, f) M-48H. Reprinted with the
permission of the Ref. [273]
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the MXene treated via 6 h of mechanochemical processing followed by 12 h of chemical etching (BM-12H) demonstrated electric
double-layer capacitance behavior, achieving an enhanced specific capacitance of 146.3 F g1, surpassing the performance of samples
treated for 24 and 48 h. The SEM images of the prepared MXene using various etchants are displayed in Fig. 3.

3.2.1.2. The Modified Acid Etching Method. Researchers are developing methods to stop HF acid from being used directly to remove the
Al layers from MAX phases since acid fluoride solutions are toxic and destructive. Original-location HF acid etching is the most used
method; instead of HF acid, fluoride salts (LiF, NH4HFo, FeF3, KF, and NaF) and HCl are used in its place [261,274,275]. AlF3-3H0 is
often produced as an unwanted byproduct in the production of MXenes by etching Al or Ga layers of the MAX phase with HF acid. We
must shed light on the elements that lead to the production of this impurity to synthesize MXenes that are devoid of it. As a result,
customized etching techniques are frequently used. For example, Cockreham et al. [276] determined the circumstances in which the
byproduct AlF3-3H,0 formed during the cobalt fluoride etching process (i.e., CoFy/CoF3). The CoF3/MAX sample’s scanning electron
microscope (SEM) micrograph displayed no AlF3-3H,0 impurities. The cation’s intercalation, which reduces the inner force between
layers and may delaminate the material layers during ultrasonication, improves the MXenes interlayer distance created using the
modified acid-etching technique. A study by Zhang et al. [264] presented an improved etching approach for Ti3C, MXene production.
There were two processes in the process: etching Ti3AlCy with different concentrations of FeCls and washing it with a low concen-
tration of HF. At ambient temperature, FeCls eroded the Al layers of TizAlCy by a metal displacement process, producing Ti3Cy
nanosheets with an accordion-like shape. When the resulting Ti3Co, MXene was evaluated as a working electrode for supercapacitors, it
outperformed an unmodified Ti3Cs electrode, obtaining a maximum specific capacitance of about 213.2F/g at 0.5 A/g in a 6 M KOH
electrolyte solution. The technique is easy to apply, effective, and uses less HF. This study demonstrates the potential to use metallic
cations with increased redox potentials to synthesize different MXene-based frameworks. Consequently, this method simplifies the
previously mentioned laborious multi-step synthesis procedure, allowing few-layer MXene to be synthesized in a single step.

3.2.1.3. Reformulated Acid Etching Based on Fluoride. To avoid the considerable toxicity that HF etching generates, researchers have
been working hard to develop more effective methods for removing the atom layers from MAX. Strong acids combined with a mixture
of fluoride salts (KF, NaF, LiF, and NH4F) can also be used to etch MAX precursors in addition to HF [277]. It has been shown that
strong acids and fluoride salts may selectively etch atoms, causing the cations (K*, Na*, Li*, and NHj) to intercalate in situ. Water
decreases MXene layer contact while increasing interlayer space between MXene layers. It is important to remember that the con-
centration of strong acid and fluoride salt might affect the final MXene fragments’ size and quality. For instance, a second sonication
step is necessary for the multilayered Ti3C, produced by the clay technique (5M LiF/6M HC) to delaminate into single flakes. This
often leads to the production of microscopic faulty MXene flakes [278].

3.2.1.4. Etching of Melted Salts. MXene may also be made by heating the MAX phases, such as Ti4AIN3, at 550 °C under argon shielding
in a molten mixture of fluoride salts (LiF, NaF, and KF; a weight ratio of 29:12:59) [118]. In thirty minutes, the etching process may be
finished. TinN;_1, which is less stable than Ti,C;-_1, can be dissolved in HF or other acids containing fluoride when employed as an
etching agent. Consequently, one advantage of the molten-salt etching approach is its very short processing time. It is necessary to
perform further cleaning (with DI HyO and H2SO4) and delamination (in a TBAOH solution). The x-ray diffraction (XRD) patterns of the
resulting delaminated Ti4N3 show that its crystallinity is lower than those of the MXene produced by HF etching. The resultant product
also exhibits the TiO, phase. One advantage of the molten salt etching procedure over the HF and fluoride-based acid etching is the
production of MXenes with poor stability in the HF or fluoride-based acid solution. On the other side, this method has the following
drawbacks: (a) A large quantity of heat and energy is used in the etching process; (b) the resulting MXenes show low purity and
crystallinity; and (c) there are a lot of surface flaws and vacancies in the resulting MXenes [261]. Liu et al. [279] recently reported
synthesizing MS-Ti3CyTx by intercalating tetrabutylammonium hydroxide (TBAOH) and then sonicating the layers to separate them.
Cl-terminated MS-TizC,Tx, as obtained, was used as an anode in a Li-ion battery, resulting in a high specific capacity and remarkable
rate capability. Clear, distinct-edged TizC,Tyx nanosheets with a lateral dimension of approximately 600 nm.

3.2.1.5. Fluoride-free etching. While many etching conditions have been established for the synthesis of MXenes, most synthesis
methods need chemicals based on fluoride or HF, which may lead to the formation of -O and -F terminations on the MXene interface.
Specifically, MXenes-based supercapacitors’ electrochemical performance is reduced by -F terminations [280-282]. Therefore,
fluoride-free manufacturing processes are needed to achieve satisfactory electrochemical performances. Using a NaOH solution as the
etching agent, Li et al. [283] created an alkali-assisted hydrothermal etching method to create TizCy MXene. Alkali and Al have a high
interaction, which makes alkali a potential etchant for the TigAlICy MAX phase. Acquiring multi-layered MXenes with excellent purity
remains a significant difficulty. Since the Ti3Cy MXene skeleton needed not to be harmed, a high alkali concentration (27.5 M) and high
temperature (270 °C) were employed in the Bayer process to etch Al layers. Chen et al. [284] reported the creation of a Ti3CoTx MXene
that contains chloride and is devoid of fluoride by electrochemical etching. Ti3C2Tx was delaminated by sonication during synthesis
without using any hazardous organic intercalant. The resulting Ti3CoTyx nanoflakes had a thickness of around 3.9 nm, and their
dispersion in an aqueous media was highly stable. Because the Ti-atoms are arranged hexagonally at the MXeneTizCyTx 002 surface of
(SAED Mxpattern of the TizCyTx exhibits hexagonal symmetry. The HR-TEM image clearly showed that the lattice fringe, with a d-
spacing of 0.27 nm, may be attributed to 100 planes of the Ti3CoTx MXene. The low performance of MXenes in Li-ion batteries and
supercapacitors is caused by the surface-attached —F, which significantly hinders the transportation of electrolyte ions and sacrifices
the electrochemically active sites, as per theoretical predictions and experimental results. Moreover, Khan et al. [285] studied a
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hydrothermal green synthesis of fluorine-free MXene. They described a hydrothermal alkali etching method that uses sodium hy-
droxide (NaOH) and MAX solution to create Ti3CoTx@Al-NaOH (Ty= -OH, -O) MXene without fluorine. The sample Ti3CoTy@Al-NaOH
that was etched in NaOH solution for 15 h shows ideal electrochemical characteristics. Furthermore, in a 1 M sulfuric acid electrolyte
solution, the Ti3CyTxAl-NaOH samples with NaOH concentraAtions of 22.5, 25, 30, 35, and 40 M, respectively, exhibit higher rates of
charge-discharge and pseudocapacitive effect, with corresponding specific capacity values of 378, 445, 565, 365, and 176 Cg .. Aftera
constant cycling of almost 8000 times, their retention rates remain at 94%, 199%, 150%, 113%, and 29%. As the capacitance value of
the Ti3CoTx-Al-NaOH (30 M) for 15 h surpasses (by about 465%) that of the multilayer Ti3CoTy MXene generated using standard
hydrofluoric acid etching, it is shown to have tremendous promise as a candidate electrode building supercapacitors along with other
energy storage devices. a very beneficial method for achievinghelpful surface chemical fine-tuning. Therefore, it would be ideal to
fabricate MXenes utilizing F-free techniques.

3.2.2. Bottom-up Synthesis Approaches

While bulk precursors offer scalability, many researchers favor the creation of materials from their elemental components owing to
the precise control this method allows in material chemistry, hence enabling custom-tailored designs. Among the prominent bottom-up
synthesis methods that have been applied to the synthesis of MXenes, CVD, PE-PLD, and solid-state direct synthesis stand out.

3.2.2.1. Chemical Vapor Deposition (CVD). CVD was a process that was involved in depositing MXene film on the surface of metals
through the flow of precursor gases over heated substrates. In 2017, Wang et al. [286] reported ultrathin crystal layers of tantalum
carbide, nitride, and boride on copper-tantalum surfaces by using precursors such as CoHy, NHs, and B powder. The CVD process had,
however, poor scalability and limited active transition metals. A recent work overcame these difficulties and synthesized Ti-based
MXenes via CVD, where TiCl4 reacted with methane or N gas on a titanium surface to form the MXene TiyCCly or TiaNCl,, respec-
tively [287]. This synthesis allows for scalable production of MXenes, opening new avenues to the study of novel MXene phases and
morphologies that had not been possible so far, such as the first chloride-terminated nitride MXene, TioNCly [288].

3.2.2.2. Plasma-Enhanced Pulsed Layer Deposition (PE-PLD). The advantages of PE-CVD are combined with pulsed-layer deposition in
PE-PLD to enable continuous single crystal film growth at lower temperatures [289]. Using this technique, films of MoyC as thick as 25
nm have been fabricated by focusing a 248 nm laser beam on a Mo target [290]. Although still in the proof-of-concept stage, possible
applications for these Mo,C films include catalysis and optoelectronics.

3.2.2.3. Solid-State Direct Synthesis. In 2019, the solid-state direct synthesis of 3D ordered YCF5 crystals from YF3 and graphite
powder through high-temperature reactions was reported for the first time by Druffel et al. [291]. This approach has also been
expanded by Wang et al. [287] to prepare Ti-based and Zr-based MXenes by heating a mixture of titanium metal, graphite, and TiCl4 in
a sealed quartz ampoule at 950 °C for two hours. Through this approach, it would be much easier to precisely control the termination
groups according to the precursors.

3.2.3. Up-Botom Synthesis
The synthesis of up-bottom synthesis provides a hybrid methodology combining techniques of bottom-up with top-down. The
major methods in this category include the template method and structural editing protocols.

3.2.3.1. Template Method. Salt-templated synthesis was first demonstrated by Xiao et al.[292] in 2017 when MoN was synthesized
using salt in the following four steps: 1) preparation of 2D MoOj3 templates, 2) coating salt on the template, 3) synthesizing MoN by
ammoniation, and 4) washing to remove the templates. A variant of this approach has been applied to create 3D structures of 2D
MXenes to improve their surface area for applications in batteries and supercapacitors. An aqueous solution of MXene was coated with
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Fig. 4. A summary of various MXene types, their corresponding synthesis methods, and the timelines of their development. Reprinted with the
permission of Ref. [294]
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a polymer that was later removed by heating.

3.2.3.2. Structural Editing Protocol. A new strategy for the manipulation of MXenes, known as structural editing, relies on “chemical
scissors” to precisely control the synthesis of MXene according to Ding et al. [293]. This approach includes four paths: 1) opening the
non-van der Waals gap in MAX phases, 2) atomic replacement via metal ion intercalants, 3) removal of terminations, and 4) stitching
2D nanosheets into unique MXene or MAX phases. These steps can be stopped at any point to produce different MXene properties, such
as improved tensile strength in termination-free MXenes or novel MAX phases with diverse terminations.

Several MXenes have been experimentally fabricated up to date, and their synthesis methods and corresponding years of reporting
are presented in Fig. 4.

3.3. Mxene quantum dots synthesis

3.3.1. Top-Down Approach

The top-down approach has been around for a while, particularly when it comes to the creation and synthesis of nanomaterials.
These techniques frequently entail bulky 2D or 3D precursor material into necessary tiny quantum particles [295]. The top-down
method has been successfully applied to convert various three- and two-dimensional bulk precursors, such as graphite, carbon
nanotubes, graphene, MoS; crystals, WSy powder, black phosphorus, and g-C3Ny, into quantum dots. These include the following
processes: ball-milling [296], liquid exfoliation [297], chemical etching, electrochemical intercalation, hydrothermal/solvothermal
treatment, ultra-sonication, microwave irradiation, and others. Most top-down methods define the catalysts’ initial O-containing
functions on their surface, which makes it easier for defects to form in the catalysts [298]. The bulk molecules can break into small
quantum particles thanks to the surface imperfections, which act as reactive sites [299]. Because this method may be used at low
temperatures, it is pretty important. Large-scale production is also possible with this approach, which may employ abundant raw
resources. However, there are downsides, such as the limited yield and the requirement for specific treatments. The most often used
top-down methods of producing MXene include acid reflux, hydrothermal, solvothermal, ball-milling, intercalation, and ultra-
sonication. The specifics of top-down methods for MXene synthesis are covered in this section.

3.3.1.1. Hydrothermal approach. Using a high-pressure autoclave filled with precursor materials, aqueous solutions are heated above
the boiling point of water in this heterogeneous reaction technique. The quantum dots (QD) size, shape, morphology, and charac-
teristics may be changed by utilizing the combined effects of the high temperature, high pressure, and the pH of the solution [300]. In
addition, the pH of the solution, the temperature of the reaction, and the duration of the reaction all matter greatly in the synthesis of
MXene. Because of the pH and temperature on the length of the reaction/response, normal reaction temperatures for the synthesis of
MXene are 6 to 9 and 100 to 180 °C [301]. In addition, the size, characteristics, and thickness of the material may be changed by
modifying the hydrothermal reaction’s parameters. Xue et al. [302] used a hydrothermal method to produce water-soluble TizCp
MXene and found that the characteristics, thickness, and size of MXene could be adjusted by raising the hydrothermal reaction
temperature to 79 °C. Particles having average diameters of 2.9, 3.7, and 6.2 nm and average thicknesses of 0.99, 0.91, and 0.89 nm
were produced from the MXenes at 100, 120, and 150 °C. These results indicate that the majority of the particles are composed of
monolayers. Ti3Cy QDs display -NH surface functions during the reaction, and at a lower temperature (100 °C), a novel MXene
structure is generated in which the d-spacing value can be verified. Conversely, the MXene that was created at 120 °C had a fusion
structure with TiO; on the surface and CTi in the core. Nevertheless, an amorphous MXene structure developed due to most Ti atoms
being etched away at a high temperature (150 °C). Xiao and colleagues [303] state that the MXene structure cannot be formed below
100 °C. They varied the reaction temperature from 60 to 80 and 100 °C to create MXene (Ti3CyTy). At 60 °C, a large number of
nanoribbons, including a few Ti3CyTy nanoflakes, formed in place of MXene. As the temperature rose to 80 °C, the size of the particles
shrank, and different-sized nanodots were produced. A consistent distribution of ultrafine nanodots is produced on nanolayers at
100 °C. Using various hydrothermal settings, more MXenes have been made [304,305]. Using the resultant precursors of the elements,
MXene with doped heteroatoms has also been synthesized by applying different hydrothermal conditions. By using L-cysteine as a
source of nitrogen and sulfur and Nb,C nanosheets as a precursor material, Xu and colleagues synthesized heteroatom-co-doped Nb,C
MXene (S, NMXene) at 160 °C using the hydrothermal technique. MXene’s particle size ranged from 2.6 to 4.7 nm. With a lateral size of
3.56 nm, the synthesized S, N-MXene, is noticeably smaller than that of the MXene (i.e., 2.4 nm) and N-MXene (i.e., 2.66 nm). With an
average thickness of 1.74 nm, the S, N-MXene demonstrated the development of a monolayer [306]. Lately, Peng et al. [307] have used
low-toxicity etchants (NaBF4, HCI) to create 2D MXene (h-Ti3Cy) using the hydrothermal process. The resulting h-Ti3Cy MXene showed
a layered structural shape. The h-TizCy nanoflakes’ chosen region HR-TEM micrograph showed d-spacing of around 0.264 nm and
~0.155 nm, which corresponded to the (0—110) and (0—210) planes of the Ti3Cy, respectively. It is important to remember that the
hydrothermal etching process is an effective way to prepare TizCy and does not require HF acid.

MXene blocks can be reduced in size to the 10 nm level, at which point they form MXene quantum dots (MQDs), which have a
number of unique physical and chemical characteristics in addition to some of the clear benefits of the MXene block’s two-dimensional
parent atoms [308,309]. MQDs have a more specific surface area, excellent biocompatibility, more tunable characteristics, improved
capacity to hybridize with other nanomaterials, and simpler doping or functionalization compared to MXenes blocks [310,311]. For
instance, MQDs have distinct electrical and optical characteristics superior to those of MXene nanosheets because of their quantum
restrictions and edge effects [8]. They also have a high dielectric constant and absorption coefficient, making it simple to split them
into electrons and holes [309]. In addition, MQDs have far less cytotoxicity than MXenes, making them a better option for identifying
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Fig. 5. a) Schematic of TisC, preparation and application. b) UV-vis absorption, fluorescence excitation, and emission spectra (the inset image is
taken in UV light). b) Two-photon spectra with varying laser ultrasonication. c). UV-Vis spectra of Ti3C, MQD d).The relationship between two-
photon emission intensity and laser excitation intensity squared has a linear slope of one. e) TizC; MQD TA spectra at the given delay durations
of 0.5 ps to 1.5 ns. f) Kinetic decay traces between 480 and 600 nm. Black solid lines represent fitted curves. g) Global fitting with five exponential
decay functions yielded five decay-associated difference spectra (DADS). h) The percentage contributions of the three decaying processes to the
overall dynamic at different wavelengths based on fitted DADS. i) The percentage of the contributions of the three decay mechanisms to the overall
dynamic of surface state at various excitation energies. j) The percentage contributions of the three decay mechanisms to the overall dynamics of the
core state at various excitation energies. Reproduced with permission Ref. [316].

chemicals in living things [312]. As presented in Fig. 5, size dependency, long-term stability, and tunable photoluminescence (PL) are
further features of MQDs [313]. Compared to MXenes, MQDs have broader excitation strengths from an 800 nm femtosecond pulse
laser (the inset displays a picture of a Ti3Co MQD solution with the 800 nm laser flowing through).

Potential in the sensing arena because of these benefits [314,315]. The adjustable PL characteristics [316], excellent hydrophilicity
[317], strong biocompatibility [310], ease of functionalization [318], and low cost [319] of MQDs have led to a great deal of effort in
the development of practical sensors up to this point, with MQDs serving as essential components. High performance may be obtained
by sensors based on MQDs because of their unique features [320-322].

3.3.1.2. Exfoliation. Exfoliation methods have become a crucial stage in the synthesis process for the faster breakdown of large
materials into more miniature sheets or particles [323]. Some kinds include chemical oxidation, thermal oxidation, and ultrasonic
exfoliation. These are often used when increasing the surface area or pore volume is the desired outcome [301,324]. The sonication
method has emerged as a low-energy substitute for traditional solvothermal and hydrothermal methods. Zhang et al.[325] used one-
step ultrasonic exfoliation procedures to develop MXene-based fluorescent QDs. With the resulting QDs, an outstanding fluorescence
quantum yield of 7.7% was noted. High selectivity and sensitivity for Fe>* detection in blood and saltwater were two major benefits of
the QDs’ excitation-dependent and pH-independent emission properties. Similarly, a publication used ultrasonication methods in an
N, atmosphere to create MQDs, which were then collected by centrifugation. Acetonitrile and a non-aqueous ionic liquid were
combined to provide the electrolyte for this system. Before creating MQDs, the authors used synchronous fluorination and electro-
chemical etching to create MXene layers, which served as precursors for the final MQDs. The authors compare the MQDs produced in
this manner and those acquired using HF etching. According to some of the reported results, the MQDs produced from electro-
chemically etched and fluoridated MXene demonstrated improved colloidal stability [326]. To generate MXenes and its derivatives,
standard etching procedures require the use of hazardous etchants like zinc chloride and HF in addition to other organic solvents
[260].

It’s interesting to note that the saturable absorption intensity of the resulting QDs was similar to that of graphene, which is helpful
for a lower mode-locking threshold in laser radiation. Yang et al. [326] describe creating Nb,C QDs by layer cutting and interlayer
delamination simultaneously, with the aid of a 10-h strong sonication treatment, to create a uniform, ultrasmall nano-fluorophore for
cell imaging and selective metal ion detection. The intense excitation-dependent fluorescence was created by a well-defined structure
with several functional groups, as demonstrated by the characterization data. The quantum confinement effect of the ultrasmall lateral
dimension and the surface imperfections brought on by the oxygen-containing species were identified as the causes of the QDs’ strong
PL emission. Based on the pH investigations, it is known that at pH values higher than 5, the Nb,C QDs significantly deprotonate,
leading to the development of a high negative surface charge. Thus, the QDs’ stability and fluorescence intensity in this pH range were
caused by electrostatic repulsion.

3.3.1.3. Electrochemical Etching. When using the HF acid etching approach, terminal groups may appear randomly on the MXene
surfaces [305,327,328]. These are hazardous to the environment; thus, in order to make the etching process ecologically benign, the
delamination and intercalation stages must be improved. The quest has now reached the laboratories for a fluorine-free synthesis of
MXene that offers adequate up-scale manufacturing with good yield.[76,87] Nowadays, electrochemical exfoliation pathways are
favored over chemical and ultrasonic exfoliation methods [271]. Their non-hazardous and environmentally friendly nature is a benefit.
Furthermore, this technique is a viable substitute for preventing the irreversible flaws caused by prolonged exposure to ultrasonic
radiation and significant oxidations. The earlier exfoliation methods also take a lot of time and may call for specialized equipment
[329].

As a backup plan, the researchers suggest synthesizing co-doped MQDs with nitrogen and chlorine using the electrochemical
etching technique [330]. The electrolyte environment was created by adding tetramethylammonium hydroxide and NH4Cl, which
subsequently interacted with the Ti and C layers over a sizable region. While the Cl and Ti ions interacted to form Ti—Cl termination,
the applied electrical potential within the workstation led the carbon layers at the defect edges to fracture through their interaction
with electrolyte ions. To create Cl, N Ti3AlC; MXene QDs, the stripping of bulk Ti3AlC; MAX phase (working electrode) was improved.
Moreover, N was intercalated concurrently by the formation of new bonds. Because of the bulk Ti3AlCy’s high conductivity, the process
only needed a little energy and allowed for co-doping by selectively adding the proper electrolytes. The X-ray photoelectron spec-
troscopy (XPS) examination for C, N, O, and Cl could confirm the synthesis of the Cl, N-Ti3AlC; MQDs. Later, the authors provided a
model of the Cl, N-Ti3AlCy scavenging process. It was suggested that TigC2Tx MQDs be produced by electrochemical exfoliation, and to
achieve stability, they were heavily fluorinated. The final product’s structure and shape were examined using TEM images, and the XPS
data’s lack of aluminium species demonstrated that the Al layer had thoroughly exfoliated from the precursor. The intensity observed
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was determined to be 1073 GW cm 2, leading to the suggestion that the resulting-prepared QDs be employed as saturable absorbers.
Moreover, extremely mode-locked pulses were produced by adding fluorinated MQDs to the ytterbium-doped fibre laser.

3.3.1.4. Hydrothermal Technique. One of the most widely used methods for creating MQDs is hydrothermal synthesis, which involves
delamination of the MXene precursor [331-333]. The nucleation of the crystal and subsequent growth are the two main stages in the
process [334]. The 2D MXene sheets break and assemble when exposed to high pressure and temperatures. They react with metal
hydroxides after the medium’s pH may be adjusted to be either basic or acidic, which, at a faster rate, ultimately generates the
necessary MQDs. Occasionally, the arrangement permits argon gas to pass through to stop the sample from oxidizing [335]. In this
case, heterogeneous processes that take place in the aqueous phase at high temperatures and pressures can produce pure crystals.
Compared to other approaches, the method’s main benefits include size control, high yield, and minimal energy needs.

The synthesis of QDs using hydrothermal methods depends on various parameters interrelated to each other for controlling size,
morphology, and properties. Among others, the important ones involve the type and thickness of the precursor materials, such as
MXenes [334]. The exfoliation efficiency is directly related to such properties; thinner precursors may allow a more homogeneous
breakdown and, hence, result in smaller QDs. When thicker or less reactive precursors are used, non-homogeneous exfoliation may
result in QDs of larger size variation or irregular morphologies.

Reaction temperature and duration are equally important in determining the characteristics of QDs. Higher temperatures hasten
the decomposition of the precursor material, with higher kinetic energy supporting fragmentation to form smaller QDs. However,
extended use of such high temperatures could cause agglomeration, resulting in larger clusters rather than discrete QDs [336]. Pre-
cision in reaction time will contribute to balancing the size reduction and prevent the onset of aggregation, since this process can
compromise the QDs’ photonic properties. The added concentration of acid or base in the reaction medium has been crucial in order to
modulate the speed of etching. Acidic conditions favored a rapid decomposition of the precursor, and it favored small QDs. However,
excess acidity can lead to over-etching and even damage to the surface integrity of QDs. In contrast, basic environments suppress
etching and yield larger-sized QDs with well-preserved surface terminations. Since pH tuning allows for precise control over the re-
action rate and final morphology of QDs.

The dispersion behavior and surface chemistry of synthesized QDs are greatly affected by the choice of solvent. Most often, aqueous
solvents are used because of their simplicity and owing to the ability of hydrophilic surface terminations to enhance dispersibility in
polar media. Organic solvents can provide enhanced stability or functionalization of QDs through designed surface interactions
suitable for particular optoelectronic or catalytic applications. Solvent environment impacts uniformity of particle growth, thus
contributing to controlled size distribution [116]. Other factors are the modification of the surface terminal groups, atmosphere of
reaction, and addition of additives. These further refine the functional properties of QDs. Surface functionalization by terminal groups
influences the electronic and photonic behavior, thus allowing further fine-tuning for applications in light emission or charge trans-
port. The reaction atmosphere, inert or oxidative, determines the oxidation state and stability of QDs. Remaining additives include
stabilizing agents or surfactants, which prevent agglomeration and enhance dispersibility so that QDs maintain their unique nanoscale
properties during and after synthesis [285].

The system’s ambient conditions impact the water’s density and dielectric constant, further altering the shape and response rate. As
a result, the process enables controllability to produce the intended result [337]. It has been reported that the hydrothermal approach
may be used to cut bulk-layered MXene and produce water-soluble Ti3Cy MQDs [302]. Here, MQDs were created at various tem-
peratures by the researchers, who then acquired colloidal MQDs with various morphologies. With a 10% quantum yield, the syn-
thesized MQDs exhibited a robust quantum confinement effect. FTIR, XPS, and XRD were used to examine the surface composition and
functional groups of the prepared MQDs. The MQDs’ excellent surface passivation is demonstrated by the PL intensities, which were
mostly constant for varying pH levels. The hydrothermal temperature was one of the variables that determined the size and makeup of
the MQDs produced using this process [338].

A research by Xue et al. [302] showed that a product’s crystallinity frequently decreased as temperature increased. This will change
the composition of the surface, which will change the behavior of the fluorescence. Subsequent investigation revealed that the MQDs
produced at a high temperature (150 °C) were more cytotoxic than the MQDs-100 and MQDs-120; nonetheless, based on the lumi-
nescence records, the MQDs-150 were advised for use in Zn?" detection. Zn?* ions cause a considerable drop in PL intensity, while no
quenching or increase in fluorescence was seen when using other metals.

3.3.1.5. Solvothermal Method. These days, organic solvents, including ethanol, dimethylsulfoxide (DMSO), and dimethylformamide
(DMF), are used in place of aqueous solvents in the solvent-thermal approach, improving the process [324]. Compared to the hy-
drothermal method, the solvothermal technique is more straightforward to regulate regarding MQD shape, size, and dispersion
[339,340]. The study emphasizes the solvothermal method for manufacturing Ti3CoTx MQDs with electroluminescence and photo-
luminescence characteristics. Three distinct varieties of MQDs were created, each with a unique amine dose ratio. To produce N-MQDs,
the synthesized QDs were subjected to several centrifugation cycles and then dried thoroughly. The characterization data indicate that
the resulting MQDs showed varying diameters in response to various solvothermal periods, which also affected the luminescence
intensity of the particles. The space lattice information findings showed a high crystalline characteristic and validate the N-MQDs’
tailoring [341].

Similar to this, an article describes how MXene nanosheets were sliced into MQDs using a straightforward solvothermal technique,
which resulted in good photobleaching resistance [342]. The synthesized N-doped MQDs were used as a fluorescent nanoprobe to
detect, ascorbic acid and Cr (VI) simultaneously. The MQD’s outstanding water solubility can be attributed to the abundance of
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hydrophilic groups on its surface, as demonstrated by the FTIR characterization data. Siya Lu et al.’s intriguing work shows how to
create TizC MQDs with a brilliant two-photon white fluorescence. The researchers also saw huge shifts in the released light in high-
pressure experiments. In this case, the Al MAX phase was etched to produce the TizCy MXene sheets. The sheets were then sliced, and
functionalized MQDs were obtained via a two-step solvothermal method [316]. Transient absorption studies were carried out to learn
more about the luminescence process of the produced QDs. The photophysical properties of the produced MQDs. The findings sug-
gested that the observed white fluorescence was caused by the synergistic interaction between the surface state and core of Ti3Cy
MQDs. The finished product showed no evidence of significant harm to the host layers or strong emissions, and every characterization
verified the safety of the preparation technique [316].

This technique enables strategic control over the crystal’s growth, phase, or even growth direction. The method is well-known for
being straightforward and for its ability to prevent MXenes from oxidizing. Furthermore, the produced shock waves and sonic cavi-
tation facilitate the evacuation of gas. It has been shown that MQDs made without fluorinated agents exhibit increased biocompati-
bility. Nevertheless, a few disadvantages that have restricted the application of solvothermal/hydrothermal procedures include their
extended duration, the use of organic solvents that are carcinogenic, and their lower rate of repeatability [343].

3.4. Post-synthesis storage and processing

The narrative does not finish when MXenes are created and delaminated. Further modifications of MXene characteristics will occur
according to how they are handled and stored. These factors often get even less attention than synthesis procedures and protocols.
These factors are almost always selected and discussed anecdotally but are hardly ever recorded in the literature. The time it takes to
fabricate a device from synthesis is typically not stated in publications. However, it is reasonable to anticipate that TigCyTx utilized
away immediately after delamination will differ from that used months later [344]. Naturally, the duration of this period varies
depending on the method used to create MXene. Although MXenes vary quantitatively and measurably over time depending on all the
circumstances and factors mentioned above, objective explanations of the timeframes employed from post-synthesis to device
manufacture are rare [40]. For instance, the way MXene delaminates, edge oxidation, and the proportion of single to few-layer flakes
will vary depending on whether it is kept as a wet or dry multilayer. After delaminating, how is the material stored before being used?
is it kept in an open or covered vessel? What kind of temperature? Has it degassed or not? In the light or the dark? What pH, ionic
concentration, and MXene concentration is it kept at in storage? Ever had it frozen? Once again, there are a lot of unseen factors that
are crucial to performance but are neither taken into account nor disclosed while fabricating devices. MXenes are 2D sheets by nature;
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Fig. 6. SEM images of a) MAX phase; multilayered TizC,Tx powder synthesized with: b) 30 wt.% HF; c¢) 10 wt.% HF; d) 5 wt.% HF; e) ammonium
hydrogen fluoride; and f) 10 M LiF in 9 M HCL (mild etching). Reprinted with permission from Ref. [354].
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therefore, variations in packing density, flake contact, alignment, and other characteristics impact how well the device works. Using
conductivity as an example, it is evident that interflake contact and packing density have a significant impact on electron transport;
yet, quantification of these macroscopic properties has received little attention. The qualities that are obtained vary depending on the
method used to make the films, such as spray coating, vacuum filtering, blade coating, etc [345]. In addition, several parameters,
including vacuum strength, MXene concentration, film surface, and pore size were chosen specifically for vacuum filtering in the
process of creating these films. The film formation may also be influenced by the particular vacuum filtering configuration. These
processing factors again compound when the produced structures, such as heterostructures, grow more complicated.

It’s critical for the MXene community to realize that several number of variables influences device performance and effective
MXene attributes and apparently random decisions [346]. These factors actually matter, even if many of them are almost undetectable
in writing. These seemingly little decisions can greatly impact the measured performance in some situations or not at all. In any event,
the impacts cannot be measured or even the scale of these effects cannot be understood if they are not disclosed.

4. Properties of MXene

MXenes are a class of transition metal carbides, nitrides, and carbonitrides that are two-dimensional and have a variety of char-
acteristics that make them, attractive materials for various uses [347]. Excellent electrical conductivity is one of MXenes’ noteworthy
characteristics. This characteristic results from their particular unique structure, in which functional groups divide the layers of
transition metals to provide conductive pathways [348]. MXenes are appealing for electronic devices, sensors, and energy storage
applications because of their excellent electrical conductivity [349]. Apart from their conductivity, MXenes have exceptional me-
chanical characteristics [350]. Because of their strength and flexibility, they are well-suited for applications that call for strong, long-
lasting materials. MXenes’ electrical and mechanical qualities make them a viable option for composites and innovative structural
materials. The hydrophilicity of MXenes is another noteworthy characteristic. MXene layers’ hydrophilic surfaces enable effective
interaction with water molecules. This feature is useful for water purification applications as MXenes may be used to absorb impurities
and pollutants [351]. MXenes’ hydrophilic character also enhances their biocompatibility, indicating that they are suitable for
biomedical applications, including biosensing and medication administration [352]. Moreover, MXenes have optical characteristics
that could be adjusted. MXenes’ optical properties may be controlled by researchers through structural and compositional modifi-
cations, which makes them a viable option for use in photodetectors, optoelectronics, and other optical devices [353]. The flexibility of
MXenes in a wide variety of technological applications is improved by its versatile optical characteristics.

4.1. Morphologies and Surface Chemistries

The resulting MXene morphologies are significantly influenced by the etching technique and etchant concentration. Using the HF
etching technique with varying HF concentrations, starting from the MAX phase (Fig. 6a), forms accordion-like m-MXene, where
greater HF concentration corresponds to more evident openings of MXene lamellas (Figs. 6b-d). Fig. 6e,f illustrates how LiF-HCl and
other fluoride-based etching methods produce m-MXenes with minuscule MXene lamella holes. These mild-etching methods (light LiF-
HCl and fluoride-based approaches) have actually eliminated the “A” element by a low concentration of in-situ generated HF (i.e., 3-5
wt%), even if they have a comparable shape with the MAX phase. Consequently, XRD and energy-dispersive X-ray spectrum (EDX)
studies should be carried out to determine the effectiveness of Al’s removal from the MAX, rather than relying just on the accordion-
like shape [271]. Recent methods used to study the flake stacking and surface terminations of different MXenes include nuclear
magnetic resonance (NMR) spectroscopy [354], neutron scattering [355], and electron energy-loss spectroscopy[356] and TEM [357].
These investigations verified that MXene surface terminations are distributed randomly rather than exhibiting a certain kind of
functionality in a particular area. The DFT simulations showed that water molecules are hydrogen linked to the -OH groups, whereas
-OH and -F are directly attached to the surface of MXene flakes [358]. Furthermore, there aren’t any nearby -OH terminations. The
realistic map of surface terminations on Ti3Cy sheets provided by these investigations can be utilized to anticipate the characteristics of
the sheets. It is noted that interlayer interactions can be explained by hydrogen bonding between the O and/or F atoms on one side of
the nanosheet and the -OH surface groups of the opposite side, as well as van der Waals bonding between the sheets, based on the
neutron scattering measurements of TizCoTx [359]. The quantity of -OH compared to the -O and -F moieties positioned on the opposite
surface, as well as the orientation of the -OH groups concerning the layers, determine the strength of interlayer hydrogen bonding
[360,361]. On the sheet surfaces, hydrogen bonds are developed when there are water molecules between the layers. Additionally, the
Ti3CyTx sheets may slide easily past one another due to the intercalation of cations, which may alter the sheets’ rheological charac-
teristics and also give them a clay-like behavior [362].

4.2. Theoretical Capacity

Ti3CyTx MXene, in particular, has a high specific capacitance because it has a large number of pseudocapacitive sites [363,364].
The valence state of Ti that links to the oxygen surface groups constantly changes as a result of the protonation of oxygen functional
groups. This results in the amazing pseudocapacitive charge storage characteristics of MXenes in the acidic electrolyte [365] and the
electrochemical process may be described as [366]. Using Faraday’s law, the maximum theoretical capacity of Ti3CoTy in the potential
range of —0.6-0 V may be calculated to be around 615 C g~*. Nonetheless, at a voltage window of 0.55 V, the empirically obtained
values are around 135 C g}, which is much less than the predicted capacity. The minimal use of active sites or incomplete redox
reactions caused by the small potential range are two possible causes. Platinum or gold are usually used as current collectors for the
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electrochemical analysis of MXenes. Nevertheless, this might divide water into a possible range of interest and reduce Coulombic
efficiency due to the recurrent charge-discharge process. Nevertheless, this might divide water in the possible range of interest and
reduce the Coulombic efficiency due to the recurrent charge-discharge process. Lukatskaya et al.[366] employed glassy carbon as
current collectors for the MXene electrode to prevent this and were able to obtain a sizeable potential window of 1 V. This is so that the
inherent capacity of various materials in the relevant potential range may be probed without causing water to split, thanks to glassy
carbon’s remarkable overpotential for hydrogen evolution reactions [367,368]. Consequently, the 90-nm-thick electrodes demon-
strated an outstanding rate performance and a specific capacitance of up to 450 F g, translating into an extremely high volumetric
capacitance of around 1500 F cm~3[366]. Through surface chemistry modification and/or heteroatom doping, MXene’s theoretical
capacitance can be pushed further. For instance, Yang et al.[369] used solvothermal treatment to effectively create flexible and
freestanding N-doped Ti3CyTy films. In the 3 M H3SO4 electrolyte, the resulting nitrogen-doped Ti3CoTy films demonstrated an ul-
trahigh capacitance of 2836 F cm ™ (927 F g™!) at 5 mV s}, setting a record for all known MXene-based materials.

Moreover, Wen et al.[370] presented a novel design for a lithium-MXene composite (Li-MXene) anode that significantly lowers the
interfacial Li ion transport resistance between the garnet solid-state electrolyte and Li metal anode. When considered as electrodes, Li-
MXene symmetric cells had very little interfacial resistance (5 Q cm?). The pure Li-based equivalent exhibited inadequate garnet
contact, leading to a significantly higher interfacial resistance of 1291 Q cm?. Concurrently, LiF was in-situ produced at the Li-MXene/
garnet interface due to the presence of fluorinated functionalized surfaces on MXene. This successfully separated electron transport
and inhibited the production of dendritic Li. It was possible to achieve a high critical current density of up to 1.5 mA cm2. These
findings stimulate further study using MXene as an addition towards novel composites and imply that varying additives with different
functional groups may tune the characteristics of Li metal anode. Fang et al.[371] studied on a layered CaV409-MXene (TizC2Tyx)
composite that was assembled using CaV409 nanosheets on Ti3CyTx, and he examined its electrochemical performance as a potential
new cathode for zinc ion batteries (ZIB)s. The layered 2D structure created by CaV40g9 nanosheets attached to MXene's surface through
interlamination effectively improved CaV40q’s electrical conductivity while preventing MXene nanosheet stacking. The structure also
made fast ion and electron movement possible. The effects of adding different quantities of MXene on the electrochemical charac-
teristics and morphology were further discussed. At 0.1 A g~*, the composite exhibited an enhanced reversible capacity of 274.3 mA h
g1, superior rate capabilities at 7 A g1, and after 2000 cycles, at a current density of 1 A g~1, a high specific capacity of 107.6 mA h
g~ ! couldd be provided. The electrochemical performance has improved because of its distinct layered structure, high electrical
conductivity, and pseudo capacitancepseudo-capacitance behavior.
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4.3. Electronic Band Structure

The metallic behaviourbehaviour of MXene, which is similar to MAX phases and has a well-fixed electron density close to the Fermi
level, is one of its most significant characteristics.68 The insertion of new Ti-X bonds can modify the metallic behaviour. MXenes
exhibits a narrow band-gap semiconductor characteristic through modification of the functional terminal groups. Most MXenes have
indirect band gaps, except for ScoC(OH),, which has a straight band gap [354,372]. Their electronic characteristics are determined
mainly by the electronic structure of the MXene surface, which is controlled by surface functionalization [373,374]. Because their
oxidation states are almost equal and permit the admission of a single electron, -F and -OH groups have comparable impacts on the
electrical structures of MXene, as shown in Fig. 7. -O- groups, on the other hand, act differently sincethey accept two electrons in the
equilibrium state, in the equilibrium state [134]. The band structure topology of MXene can be either simple or non-trivial, depending
on their spin-orbit interaction.

Moreover, MXene may be divided into metallic, semi-metallic, and semiconducting forms based on their electrical conductivity.
TigCyTx filtrated film has strong intrinsic electronic/ionic conductivities and is rich in chemical elements compared to graphene [376-
379]. The Ti3CyTy film exhibits superior metallic conductivity in experiments compared to other 2D metal sulfides/hydroxides [380].
For example, Yang et al.[381] realized the demand pulse laser generating based on MXenes and the nonlinear optical response at the
visible region for the fisrt time. To realize passive Q-switched visible bulk laser encompassing the spectrum range of orange (607 nm),
red (639 nm), and deep red (721 nm), the few-layer MXene TizC,Tx was constructed and used as a saturable absorber (SA). For each of
the three wavelengths, the shortest pulse widths and, the most extraordinary average output powers were (111 mW, 426 ns) at 607 nm,
(150 mW, 264 ns) at 639 nm, and (115 mW, 328 ns) at 721 nm, respectively. Based on their experimental findings, the MXene TizCyTx
SA appeared to be a promising and effective optical modulator in the visible range.

Nevertheless, the electrical conductivity of TizCyTy was primarily determined by its morphological and surface features, as a large
flake size and good contact between individual flakes are typically associated with high conductivity [382]. For instance, Lipatov et al.
[383] reported an extremely high breakdown current density in the newly developed two-dimensional material TizCoTx MXene. In-
dividual high-quality monolayer Ti3CoTy flakes were prepared by an improved synthesis method, and Lipatov found that they
exhibited the best values reported for Ti3C,Ty flakes to date, with electrical conductivities of up to 11,000 S cm~! and field-effect
electron mobilities of up to 6 cm? V! s~!. The breakdown current densities of around 1.2 x 10% A cm™2 were observed in all the
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flakes, and these values are on par with the best two-dimensional materials, such as graphene. Ti3CoTy is a potential material for
nanometer-thin interconnects due to its extraordinary combination of high electrical conductivity and high current-carrying capacity.
It also justified further research into the breakdown of current densities of other materials from the extensive MXene family. Addi-
tionally, several investigations have revealed that some MXenes have band gaps ranging from 0.05 to 2.87 eV, indicating semi-
conducting qualities [384-386]. MXenes are, therefore, effective cocatalysts and can increase reactivity by combining with
semiconductors [387-390].

4.4. Mechanical Properties

MXenes exhibit remarkable mechanical properties, which are directly linked to their unique 2D structure, surface terminations, and
strong covalent bonding within the layers. These properties can be further tuned for diverse engineering applications through careful
manipulation of their composition and integration into composites as shown in Fig. 8. For example, the mechanical flexibility of
delaminated MXene nanosheets, especially monolayer Ti3CyTx, has been a subject of intense investigation [391]. Lipatov et al. [392]
utilized atomic force microscopy (AFM) and nanoindentation to measure the elastic properties of monolayer and bilayer TizCyTx
nanosheets. Their experiments determined an effective Young’s modulus of 0.33 TPa, derived from force-displacement curves during
nanoindentation, which closely matches the theoretical in-plane modulus of 502 GPa [393]. This agreement validates the intrinsic
stiffness of the Ti-C lattice, governed by the strong covalent Ti-C bonds. Furthermore, under tensile testing, monolayer MXenes
withstood biaxial strains up to 9.5% and uniaxial strains of 18% and 17% along the x and y crystallographic directions, respectively.
This exceptional tolerance is attributed to the reversible stretching and compression of Ti-C bonds, a property that becomes even more
pronounced with oxygen surface functionalization. Oxygen atoms, through their strong interaction with titanium, enhance the
bonding strength, raising the strain at break to 20-28%.

The incorporation of MXenes into polymer matrices has been demonstrated as an effective strategy to improve their mechanical
performance while preserving or even enhancing their other functional properties. For example, chitosan was integrated into Ti3CoTx
films to enhance their tensile strength from 8.2 MPa to 43.5 MPa, a nearly 5.3-fold increase [394]. This improvement was attributed to
the formation of hydrogen bonds between chitosan molecules and the surface terminations of the MXene sheets, which improves
nanosheet alignment and load transfer. Similarly, Ling et al. [395] showed that the addition of polyvinyl alcohol (PVA) to TizCaTx
matrices resulted in composites with significantly enhanced mechanical properties. The PVA matrix provided effective load distri-
bution and maintained sheet dispersibility, enabling the composites to support five times their own weight without failure. These
polymer-MXene composites exhibit a balance of strength, flexibility, and electrical conductivity, making them ideal for applications in
flexible electronics, electromagnetic interference shielding, and structural reinforcements.

Further investigations into the mechanical properties of MXenes at the nanoscale have revealed their anisotropic behavior, which
depends heavily on their structural orientation and thickness. Firestein et al. [397] used advanced techniques, including quantitative
nanomechanical mapping and in situ tensile testing within a transmission electron microscope (TEM), to study TisCy nanosheets. Their
results highlighted a Young’s modulus ranging from 80 to 100 GPa perpendicular to the basal plane, significantly lower than the in-
plane modulus due to weaker interlayer interactions [398]. The tensile strength of 40 nm thick Ti3Cy nanosheets reached up to 670
MPa, indicating a strong dependence of mechanical strength on nanosheet thickness. This thickness effect arises from increased defect
density and reduced interlayer interactions in thinner sheets, emphasizing the need for precise thickness control in applications
requiring high tensile strength.

MXenes have also been explored for reinforcement in ceramics and metallic composites to enhance mechanical performance under
extreme conditions. Cygan et al. [398] synthesized Ti3Cy-Al,O3 composites via spark plasma sintering (SPS) with Ti and Mo surface
modifications to counteract MXene’s susceptibility to oxidation during high-temperature processing. These modifications strength-
ened interfacial bonding, resulting in a 10% and 15% increase in hardness and fracture toughness, respectively. This study demon-
strates how surface engineering can mitigate MXene degradation and improve compatibility with ceramic matrices. Similarly, Chen
et al. [399] fabricated Ti3CyTx/Al composites with a nacre-inspired laminated architecture using self-assembled aluminum flakes
coated with TizCyTx. The design improved interfacial bonding, reduced strain gradients, and enabled a 53.4% increase in tensile
strength and a 68.46% increase in elongation, highlighting the effectiveness of layered structures in balancing strength and ductility.

Advanced hybrid designs have further enhanced MXene mechanical properties through innovative molecular architectures. Kim
et al. [400] developed Dicatechol Crosslinked MXene (MX@DC) films using the mussel-inspired dicatechol-6 (DC) as a crosslinking
agent. This brick-and-mortar arrangement significantly improved toughness (by 513%) and Young’s modulus (by 849%) compared to
bare MXene films. These improvements arose from strong covalent interactions between the DC molecules and MXene surfaces, which
enhance interfacial adhesion and dissipate mechanical stress more effectively. Collectively, these studies underline the transformative
potential of MXenes in creating high-performance materials for structural, electronic, and multifunctional applications. The ability to
tailor their mechanical properties through structural, compositional, and hybridization strategies opens new avenues for the devel-
opment of robust, flexible, and lightweight materials in advanced engineering domains.

4.5. Optoelectronic Properties

Solution processing of MXene nanosheet dispersions makes it simple to manufacture MXene-based thin films with superior me-
chanical flexibility and electrical conductivity [401]. Furthermore, the solution-processed films may be dried naturally with good
optoelectronic characteristics, negating the need for a postdeposition annealing step [402]. Comparing MXenes to other 2D materials

like graphene, these advantages point to their significant potential in transparent conductive coatings, transparent energy storage
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devices, and photothermal conversion [403]. For instance, highly conductive MXene-based transparent films with an outstanding
optical transmittance of around 93% at a thickness of 4 nm were produced by spin-coating MXene aqueous solution [404]. The optical
transmittance was inversely lowered by increasing the film thickness; when the transmittance fell to 86%, the sheet resistance also
dropped to 330 Q sq_1 [405]. In fact, a single layer of nanosheets (about 1.2 nm thick) resulted in a ~3% transmittance loss, which is
comparable to the ~2.3% loss per layer, or 0.34 nm, of graphene nanosheets [406]. It is important to note that thin film production
methods matter; to the optoelectronic performance of spin-coated TizC2Tx MXene is often superior to that of spray-coated or sputtered
transparent MXene films [407]. For example, in the spin-coated Ti3CyTy film aligned with big flakes, the figure of merit, FoM, (defined
as the ratio of DC conductivity to optical conductivity), reached 15, but for the spray-coated films, it was between 0.5 and 0.7 [408].
Furthermore, spin-coated films showed incredibly low optical absorption, which is essential for developing photovoltaic cells and high-
performance displays [409]. Compared to other MXene kinds, Ti3CyTx has the finest optoelectronic characteristics to date [410]. As an
illustration, VoCTy has a FoM, of 6.5 [411], but Ti3C,Ty has a FoM, of 5 [412].

Furthermore, Ma et al. [417] demonstrated an optoelectronic synapse based on MXene/violet phosphorus (VP) van der Waals
heterojunctions, enabling cross-modal experience of vision and smell. Thanks to conductive MXene’s effective separation and trans-
portation of photogenerated carriers, VP’s photoelectric responsivity was significantly increased by up to 7 orders of magnitude, with a
maximum value of 7.7 A W. Excited by UV light, a variety of low-power consumption synaptic activities were exhibited, including
excitable postsynaptic currents, paired-pulse facilitation, short- and long-term plasticity, and “learning-experience” behaviour.
Moreover, the suggested optoelectronic synapse displayed unique synaptic behaviours across multiple gas environments, which
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Fig. 9. The optical characteristics of MXenes. (a) UV-vis spectra of spray-coated TizC,Tx films of varying thickness. (b) Transmittance at 550 nm of
sprayed TizCoTy films plotted against sheet resistance. The inset displays the bending properties of spray-coated Ti3C,Ty films. Reprinted with
permission from Ref. [413] (c) Four-probe measurement to determine the conductance of a single Ti,CTy nanosheet and the contact resistance
between Ti>CTy and a metal electrode. Insets show schematics of four probe measurements. Reprinted with permission from Ref. [414] (d) The
nonlinear energy-dependent transmission curve of a side-polished fibre with a Ti3CNT, monolayer coating. Reprinted with permission from the
Ref. [415](e) Implementation of the open aperture Z-scan approach. Laser density is determined by the z position. (f) Nonlinear transmittance of
TizCoTx film vs input fluence. Reprinted with permission from Ref. [416] (g) Position-dependent nonlinear transmittance of Ti3C,Tyx was charac-
terized using open aperture Z-scan. Reprinted with permission from Ref. [392](h) Schematic of a droplet of TizC,Tx solution illuminated by a laser.
(i) Time-resolved temperature profile of a Ti3C,Tx droplet exposed to two different lasers. Reprinted with permission from the Ref. (A-B) Reproduced
by permission of Ref.[330].
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allowed it to model how visual and olfactory information combine to provide cross-modal perception, as shown in Fig. 9. This
innovation offers a promising foundation for applications like neurorobotics and virtual realityhighlights that highlights the immense
potential of VP in optoelectronics.

Percolation issues with very transparent conductive films are another matter that needs to be taken into account. Films typically
experience a sharply elevated sheet resistance as their thickness approaches a certain point, known as the percolation threshold [418-
420]. The percolation issue is unavoidable and undesired in real life. However, the spin-coated MXene films have a sheet resistance
that scales nearly inversely with film thickness [404]. Usually seen in bulk-like films, this behaviour suggests that there are no obvious
percolation issues. The MXene-based transparent films may be made suitably thin without significantly sacrificing their electrical
conductivity, thanks to their exceptional optoelectronic qualities. MXene can function as transparent supercapacitors without the need
for extra current collectors as a result.

4.6. Thermal Properties

Comprehending the thermal stability of MXene is crucial for applications as well as solution/thin film storage. It was discovered
that the environment and the chemical makeup of MXenes significantly impacted their thermal stability by the combination of
thermogravimetric and mass spectrometry investigation [393,421]. According to recent research, as shown in Fig. 10, TigCyTx (where
Tx = F or OH) was stable at 500°C and maintained its hexagonal crystal structure in the Ar environment up to 800°C [422]. Ther-
mogravimetric study indicated that Ti3CyTx converted to TiC and experienced a significant weight loss at 800 °C in an argon (Ar)
environment [423]. Conversely, Ti3CoTy MXene undergoes partial oxidation at 200 °C to anatase TiO, nanocrystal and complete
conversion to rutile TiOy at 1000 °C upon annealing in an oxygen environment [424]. TizC2Tx MXene could be converted into TiO5
with diverse crystal structures and morphologies by adjusting the heating rate, annealing temperature, and oxidation duration,
resulting in various MXene-based hybrids and derivatives [425,426].

On the other hand, MXenes that have exposed metal atoms on their surface frequently exhibit high surface energy and are ther-
modynamically metastable, leading to spontaneous oxidation in air [427,428]. Effective O, dissociation occurs in the TioC MXene due
to significant interaction between the approaching Oy molecules and the unsaturated Ti 3d orbitals on the virgin TiyC surface
[429,430]. As such, the thermodynamic stability of the Ti»C is compromised by the adsorbed O on it [431,432]. Additionally, MXene’s
exceptional heat conductivity is advantageous for electrical equipment. For example, Kang et al. [433] looked into MXene-coated
cellulose hybrid fibres, namely their electrical characteristics, heating performance, and thermal stability. The manufacturing tech-
nique included continuously dipping cellulose fibres into an aqueous MXene solution, resulting in MXene-coated cellulose hybrid
fibres. He validated the uniform coating of MXene sheets on cellulose fibre surfaces, with increasing content during the dip coating
cycle, as shown by XRD and SEM examination. MXene’s strong thermal conductivity served as a heat source, influencing the thermal
stability of cellulose fibres at lower temperatures. Furthermore, increased temperatures affected the electrical characteristics of
MXene/cellulose hybrid fibre composites. Interestingly, the longitudinal electrical conductivity of MXene-coated cellulose fibre
composites increases by 0.06 S cm™ following the last coating cycle, revealing the effective and conductive nature of the layer-by-layer
MXene network established on the cellulose fibres. Moreover, Nguyen et al.[434] developed Pt-infiltrated MXenes, which have
dramatically higher electrical and thermal conductivity. Both in-plane and cross-plane electrical/thermal conductivity improved
dramatically (about 2.4/1.8 times and 6.6/5.0 times, respectively). Electrothermal heaters built with Pt-infiltrated MXene have
exceptional efficiency, a rapid heating rate, and superior stability. Moreover, a single-layered Ti3Cy hybrid SiOs filler (TizCy-h- SiOy).

Work by Ma et al.[444], developing a high-performance styrene-butadiene rubber (SBR) elastomer composite was discovered that
incorporating SiO5 not only improved the uniform dispersion of TigCy-h- SiO5 in the SBR matrix but it also endowed the surface of
Ti3Cy-h- SiO, with nano protuberances for immobilizing more rubber chains, resulting in better interfacial interaction between Ti3Cs-
h- SiOjand the SBR matrix. Thus, the tensile strength of the SBR/ TizCy-h-SiO; elastomer composite was increased by 174% when
compared to the unfilled SBR. Furthermore, the wet skid resistance and rolling resistance of the SBR/ Ti3Cy-h- SiO, elastomer com-
posite were significantly enhanced. Remarkably, the SBR/ Ti3Cy-h- SiO elastomer composite’s incredible thermal conductivity (0.401
W m™' K1) and electrical conductivity (4.87 x 10~* S m™") were similar to that of the SBR/reduced graphene oxide (rGO) elastomer
composite, suggesting that TigCy-h- SiO5’s conductivity may be competitive with that of rGO.

Also, for heat conductive and electrical insulating devices, Liu et al. [445] created a nacre-inspired outstanding poly(p-phenylene-
2,6-benzobisoxazole) (PBO)/MXene hybrid film using a sol-gel-film conversion approach and a homogenous gelation procedure. The
nanocomposite film was electrically insulating (2.5 x 10° Q cm) and had outstanding mechanical properties (tensile strength of
416.7 MPa, Young’s modulus of 9.1 GPa, and toughness of 97.3 MJ m ™ due to the optimized brick and mortar structure and strong
bridging and encircling effects of the fine PBO nanofibre network on the MXene nanosheets. The synergistic alignment of PBO
nanofibres and MXene nanosheets results in an in-plane thermal conductivity of 42.2 W m~! K™!. The film also had high thermal
stability and flame retardancy. This innovation expands the possibilities for creating high-performance thermally conductive yet
electrically insulating composites.

MXene’s thermal conductivity varies with lateral size. For instance, in a 5-um flake at ambient temperature, the thermal con-
ductivity of Hf,CO, was expected to be 86.25 W m 'K, andin a 100-um flake, it rose to 131.2 W m~! K1.[446] Hf,CO, had a
thermal expansion value of 6.094 x 107% K1 at ambient temperature. The thermal conductivity of single-layer Mo,C at ambient
temperature is increased from 48.4 to 64.7 W m~! K1 by n-doping MXene in the armchair direction [439].
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Fig. 10. (a) A schematic of the experimental setup for measuring the thermal diffusivity of a thin TigC,Tx sheet using the TET approach.[83]
Reproduced with permission from reference [435]. (b) Schematic of self-heating/sensing device for detecting thermal conduction at TizCyTx-SiO2
interface. (¢) TBC was calculated using six separate devices with and without an encapsulating layer at room temperature (RT). Reprinted with
permission from reference [436]. (d) Thermal conduction at the MXene-liquid interface. Reproduced with permission from reference [437]. (e)
Coefficient of thermal expansion for V,C, Nb,C, and Ta,C and (f) Mo.C as a function of temperature. Reproduced by permission of the reference.
[438 439]. (g) Thermoelectric figure of merit based on Ti and Mo for double transition metal MXenes. Reproduced by permission of Ref. [440] (h)
Temperature as a function of time for Ti3C,Ty-based thin films, illustrating how external voltage magnitude (right panel) and sheet resistance (left
panel) affect Joule heating efficiency. Reproduced from ref. [441]. (i) Evaluation of the Joule heating efficiency (for the as-prepared and hydrogen-
annealed TizC,Tx films) in a warm, humid atmosphere before and during the oxidation treatment. Reproduced by permission of the reference. [442]
The effects of the photothermal impact of Ti3C,Tx MXene microspheres on temperature change are determined by (j) the concentration of the active
species and (k) the power density of the incident irradiation. (1) Stability test of MXenes’ photothermal conversion capabilities. Reproduced from
ref. [443].

4.7. Magnetic Properties

Applications for spintronic devices require materials with strong and tunable magnetic moments. Notwithstanding the diversity of
MXenes, most of them have non-magnetic ground states, whether they are bare or not [447,448]. The strong covalent connection that
exists between the transition metal and the X element is the reason for this. However, it has been hypothesized that some bare MXenes
are innately magnetic, as shown in Fig. 10. These include the ferromagnetic CroC [449] and TioN [450], as well as the anti-
ferromagnetic CroN [451] and MnyC [452]. In the case of MXenes, the magnetism might be caused by surface terminations [453],
defects in monolayers [450], and intrinsic features of the transition metal [454]. As previously mentioned, the most prevalent MXenes,
such as Ti3Cp, are non-magnetic, yet reports of various magnetic structures have been made in certain instances. For instance, Dong
et al.[455] found that regardless of the kind of surface terminations, TioM,CoTx MXenes are ferromagnetic in the ground states.
TioMnC,Ty is a member of a recently discovered class of ordered double-transition-metal MXenes [456], whereby one or two transition
metal layers are positioned between the layers of another metal. The study of double-transition-metal MXenes with Ti atoms as the core
layer by Sun et al.[457] demonstrated that distinct cation configurations and terminations result in a range of magnetic ordering and
characteristics that differ from the single transition metal carbides that have been identified up to this point. A unique MAX phase with
in-plane chemical order, which was dubbed i-MAX, is (My/3, M;,3)2AX are i-MXenes, which include W4,3C and Nby,3C, and they were
formed by etching the A-element atoms from the i-MAX phases [458]. Earlier, Zhu et al.[459] had demonstrated that the energetically
advantageous location for Li adsorption is on top of C and had discovered for NboC a theoretical in-plane lattice constant value in
accordance with the experimental one.
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Fig. 11. Magnetization vs external magnetic field for samples of LiF-etched Ti3C,Tx (b,d) and Ti3AlC, (a,c). Reprinted from Ref. [464].
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With a generic formula of (My/3, M1 ,3)2AX, Gao and Zhang et al. [458] focused on the magnetic characteristics of i-MXenes in 2020.
They specifically looked at the situations in which M, or the dopant element, is magnetic and one of the transition metals other than Tc
using DFT computations. They discovered that 62 of the 319 i-MXenes were magnetic. Furthermore, the magnetic configuration of six
can vary according to their geometries (hexagonal or rectangular), which need the application of strain. As a result, i-MXenes’
magneto-crystalline anisotropy may be improved. Kumar et al. [460] conducted a thorough theoretical investigation of the magnetic
characteristics of nitrogen-based MXenes, which contain one more electron per unit cell in comparison to carbon-based ones. The
authors proposed a straightforward model to forecast the magnetic behaviour of MyNTs, supposing that the only electrons capable of
generating magnetism are those occupying the non-bonding d-orbitals. They discovered five nitride MXenes (MnyNFg, MnyNO3, MngN
(OH),, Ti2NOy, and CraNO5) with strong ferromagnetic ground states by applying their model to MoNT, MXenes containing transition
metals from the third period of the periodic table. The magnetically ordered phases were stable because the curie temperatures for all
terminations were likewise much higher than room temperature.

Bandyopadhyay et al. studied the point defect generation processes in MXenes [461]. Due to unpaired electrons in the spin split d-
orbitals, they discovered that only a tiny percentage of the faulty MXenes develop a magnetic character. Consequently, they proposed
that the application of inherent point defects may alter the magnetic characteristics of MXenes. Additionally, Scheibe et al. [462]
studied the impact of various terminations on Ti3CoTy’s magnetic characteristics. Researchers discovered that while the naked TiC
samples behaved paramagnetically, the same as the samples with F or S-based terminations, the behaviour of the samples changed to
ferromagnetic or paramagnetic. As a result, modulating the surface terminations can change the magnetic characteristics of TigCyTy.
Cr,C is a ferromagnetic half-metal that becomes an antiferromagnetic semiconductor when it is terminated by F, H, OH, or Cl groups.

Most recently, Sobolev et al.[463] investigated the feasibility of immediately delaminating multilayer Ti3CyTx MXene sheets by
cultivating iron oxide magnetic nanoparticles inside the interlayer gap. It was discovered that when the mass fraction of particles
reached a level similar to or higher than that of MXenes, the development of these particles is followed by a significant improvement in
the yield of single-layer MXene and correct magnetic characteristics in the resultant composite. The discovered method was applied to
simplify synthesis methods to produce magnetic nanoadsorbents based on MXene that have adjustable characteristics. The neigh-
bouring sheets spread as a result of the iron salt intercalation of the ML TizCyTy structure, creating empty nucleation sites for more
MNP development. As a result, when the MXene concentration decreased, so did the size of the resultant MNPs. The magnetic
properties of MXenes and MAX phases are presented in Fig. 11.

As a result, the mutual concentration of reagents was used to carefully adjust the magnetic properties, such as Mg, Mg/Mg, and
poHcg, of the resulting composites, from almost superparamagnetic to much more bulky. The sample had a good delamination rate and
magnetic characteristics appropriate for the suggested use: the removal of MXene-based nano adsorbents from water using a magnetic
field when the number of MNPs was more than the original MXenes. The MXene- iron oxide (Fe3O4) nanoparticles (MNP) nano-
composites showed a notable Cu?t adsorption capability of 105.8 mg/g in the carried-out adsorption investigation. The described
methodology may be effectively used to the fabrication of nanoadsorbents and offers a facile way to synthesize magnetic MXene-MNP
composites. In another study[463], he also investigated the feasibility of directly delaminating multilayer Ti3CoTx MXene sheets
through the growth of iron oxide magnetic nanoparticles inside their interlayer gap. They discovered that their development is fol-
lowed by an effective augmentation of single-layer MXene yield and appropriate magnetic characteristics of the resultant composite,
with a mass fraction of particles equal to or greater than that of MXenes. The method that was developed may also be utilized to
streamline the synthesis procedures to produce magnetic nanoadsorbents based on MXene that have adjustable characteristics.

4.8. Gas Barrier Properties

MXenes’ impermeable characteristic makes it possible to enhance polymers’ barrier qualities, preventing gases and tiny molecules
from penetrating. When compared to their neat polymer equivalents, NCs filled with graphene and layered silicates are known to have
much better barrier qualities [465,466]. The tortuosity model, which explains how the diffusion of a tiny molecule will have to travel a
longer, more convoluted path around impermeable filler particles, can be used to describe this phenomenon. That diffusion path can
get significantly longer if these particles have larger aspect ratios than it would in an empty polymer. The permeability of nylon-6 was
decreased by 94% and up to 90% with 1.74 vol % DHT-treated Ti3Cs in epoxy NCs, according to Carey et al.’s [467] study on the water
vapour barrier characteristics of both nylon-6 and epoxy NCs [468]. While there have been few reports of MXene-filled separation
membranes, there have been few investigations on the permeation and barrier characteristics of MXene NCs. The impact of TiyCT, on
membranes for solvent dehydration of isopropanol and water mixtures was investigated by Liu et al. [86,469]. Through Ti3CyT,/
Pebax/ polyurethane (PU) (where Pebax is a commercial copolymer of polyamide (PA) and polyether) membranes, Shamsabadi et al.
[470] measured the gas permeability of Hy, CO3, N3, and CHy4. They found improved CO5/Nj selectivity, which was attributed to the
gas solubility contribution of the functional groups on the Ti3C,T, nanosheets, particularly the high CO4 adsorption capacity of the
hydroxyl groups.

Moreover, Seo et al.[471] utilized MXene and graphene oxide (GO) together for the first time to cover a nylon 6 substrate (often
used in storage tanks) with an Hy gas barrier. A simple two-step procedure was developed using the carbodiimide process to covalently
link MXene and GO via 3-aminopropyl triethoxysilane (APTES). In comparison to the pristine MXene and GO, the MXene-GO hybrid
nanofiller (f-MXene-GO) showed a more significant gallery gap between the nanosheets. Furthermore, GO was also somewhat
decreased by APTES’s amine functional groups. The efficiency of APTES grafting to improve the interaction with poly (ethylene-co-
acrylic acid) (EAA) was shown by a rise in the gallery gap between both MXene layers in the f-MXene-GO/EAA nanocomposite when
compared to MXene/EAA. In contrast to GO/EAA, MXene/EAA had a greater Hy gas barrier and better mechanical qualities, but it
adhered to the nylon 6 substrate less firmly. f-MXene-GO/EAA demonstrated a prudent amalgamation of barrier and adhesion
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characteristics. In comparison to nylon 6, the 10 wt% f-MXene-GO/EAA coated layer demonstrated a very poor Hy permeability co-
efficient (0.03 cc.mm.m™ d! atm™) and a notable 89% decrease in the Hy gas transmission rate. Also, Shi et al. [472], applied MXene
coatings on pipe steel using a straightforward spin-coating technique and a colloidal solution. By creating a barrier against diffusion,
MXene coatings provided exceptional corrosion protection and hydrogen resistance. In the experiment, the diffusion coefficient
dropped and the MXene coating’s hydrogen permeability was one-third that of the substrate. The mechanistic analysis showed that the
concentration of the d-MXene colloidal solution controls the thickness of a single coating, while the number of spin-coated layers
influenced the MXene coatings’ hydrogen resistance. The enhancement in hydrogen resistance might be restricted, nevertheless, by the
harm that the H' and F* containing colloidal solution causes to the sample surface. Furthermore, by using melt mixing, Wang et al.
[473] created the biodegradable poly (butylene adipate-co-terephthalate)/MXene (PBAT/ Ti3CyTyx) composite casting films. The
observation made using a SEM revealed that the Ti3CoTy nanosheets were well-suited to the PBAT matrix. When the concentration was
less than 2 wt%, Ti3CyTy served as a nucleating agent to increase the crystallinity. The mechanical tests demonstrated that, in com-
parison to those of pure PBAT, the addition of 1.0 wt% Ti3C2Tx concurrently increased the tensile stress, elongation at break, and
Young’s modulus of the PBAT/ TizC,Tx nanocomposite. The mechanical dynamical experiments demonstrated that the PBAT nano-
composite’s storage modulus in a glassy state was greatly enhanced by the inclusion of TizCyTy. The oxygen transmission rate (OTR) of
PBAT-1.0 with 1.0 wt% TizC,Ty was the lowest at 782 cc/m?day and 10.2 g/m? day when compared to pure PBAT. The increased
effective diffusion route length for gases caused by the presence of Ti3CoTy nanosheets is responsible for the improvement in gas barrier
characteristics. The OTR and water vapor transmission rate (WVPR) of PBAT-1.0 were further decreased to 732 cc/m2.day and 6.5 g/
m?.day, respectively, with the biaxial stretching. The improved water vapor and water barrier properties of the PBAT composite sheets

suggests a possible use in green packaging. Also, MXene can implement as a protective coating for the salty environments as shown in
Fig. 12.
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Fig. 12. Barrier properties of MXene for steel under marine environment. Reprinted with the permission from the Ref. [474].
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4.9. Stability of MXene

Stability of MXenes, important representatives of two-dimensional materials, is closely related to their structural composition,
surface chemistry, and environmental interactions. Basically, the structure of MXenes consists of early transition metals such as Ti, Nb,
Mo arranged in a layered manner, interleaved with carbon or nitrogen atoms. The elimination of “A” layers during synthesis introduces
the following surface terminations, for example: —-F, -O, ~OH, which strongly influence their stability. For example, the electron
density redistribution caused by these terminations may strengthen or reduce the resistance to oxidation [236]. The MXene, especially
of the titanium type, such as Ti3zCy, presents high electronegativity differences and strong affinity between Ti and oxygen, thereby
making it highly susceptible to oxidation. In most instances, the resultant compound is often TiO3, which irreversibly changes the
properties of MXenes [150].

Environmental factors, such as temperature and oxygen and humidity levels, have been considered among the very important
parameters governing the stability of MXenes. With increased temperatures, this process can be accelerated because heat provides
energy to cross the different activation barriers of the oxidation processes. At room temperature, atmospheric oxygen becomes active
with the MXene surfaces, starting a gradual conversion into oxides. Under humid conditions, water molecules further facilitate hy-
drolytic degradation through interactions with surface terminations that facilitate further oxidation [475]. It has been illustrated that
not only does a higher relative humidity accelerate degradation, but it also escalates the rate of delamination in MXene dispersions,
which undermines their structural integrity. Storage media are another variable to take into consideration; MXenes stored in aqueous
dispersions are a delicate balance between colloidal stability and chemical degradation, where it is a matter of pH and ionic strength.

Other factors include zeta potential, particle size distribution, and interlayer spacing, which are colloidal properties that determine
the stability of MXene. As would be expected, a highly negative zeta potential stabilizes MXene dispersions through enhanced elec-
trostatic repulsion between sheets that promotes non-agglomeration. The addition of multivalent cations, for example, Ca%* or Mg?*,
neutralizes surface charges and leads to the aggregation and eventual destabilization of particles [476]. Moreover, smaller MXene
flakes with larger surface area-to-volume ratios have a higher tendency toward oxidation due to the fact that more activity can take
place on their surfaces. The interlayer spacing can be modulated based on the hydration level or intercalated ions and, therefore, either
stabilizes or destabilizes MXenes depending on whether it restricts or facilitates diffusion of reactive species like Oy or HyO [383].

Chemical functionalization and structural modifications have become the critical means toward enhancing MXene stability. Co-
valent grafting or noncovalent interactions of polymers, including polyaniline and polyethylene glycol, have been shown to shield
MXenes from oxidation via the creation of protective barriers. Encapsulation in inert matrices, like silica or polymer resins, limits
exposure to oxidative agents. Reducing agents such as ascorbic acid or sodium sulfite may be added during storage that, upon reaction
with oxidative species, greatly extend the MXene lifespans [65]. The surface chemistry can also be tailored by selective termination-for
example, by minimizing ~OH groups in favor of —F or —O terminations-which enhances the oxidative resistance due to modification of
environmental agent interactions with the material [477].

Optimized synthesis and storage conditions are necessary to ensure functionality in MXene. The nature of the synthesis route itself,
using either HF etching or milder LiF/HCI etching, determines both the extent and nature of surface termination and thus directly
influences stability [478]. After synthesis, MXenes benefit from inert atmosphere storage, such as in argon or nitrogen, or at lower
temperatures to diminish the kinetics of degradation. Further mitigation against degradation is achieved by the use of passivating
agents during storage or when in dispersion. Recent research also involves the investigation of solvent engineering, including
dispersing MXenes in aprotic solvents such as dimethyl sulfoxide or ionic liquids, which reduce hydrolytic and oxidative stresses

Table 5
Surface-modified MXenes and their methods of preparation

Surface functionalized 2D MXenes Sample Synthesis method Solvent or atmosphere Temperature (°C)  Ref.
reaction
Functionalized MXenes by small NaAlH4-modified TizCy Ball milling Ar — [483]
molecules FePc-modified Ti3Cy Self-assembly Dimethylformamide (DMF) — [484]
C12E¢-modified TisCy Sonication Water 40 [485]
Et-modified Nb,C Hydrothermal approach Ethanol 100 [486]
Functionalized MXenes by Sodium alginate-modified Vacuum-assisted Deionized water Room [487]
macromolecules TizCy filtration temperature
PPy modified TizC, In situ polymerization Deionized water Room [488]
temperature
PS modified TisCy Electrostatic assembly Deionized water 50 [489]
PVA modified Ti3Co Vacuum-assisted Deionized water Room [490]
filtration temperature
PDDA modified TizCy Vacuum-assisted Deionized water Room [490]
filtration temperature
Functionalized MXenes by single V-Doped Ti3Cy Hydrothermal approach Water 120 [491]
heteroatoms S-Doped Ti3Cy Solution blending Deionized water 155 [492]
S-Doped Ti3Cs Heat and milling Ar 1650 [493]
treatment
N-Doped V4C3 Heat treatment Ammonia 350-550 [494]
N-Doped Nb,C Hydrothermal approach ~ Deionized water 150 [495]
P-Doped V,C Heat treatment Ar 300-500 [496]
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[437,479]. In-depth understanding of these parameters will allow for the stabilization of MXenes in long-term energy applications,
catalysis, and electronics.

4.10. Property and Surface Modification

The narrative doesn’t finish when MXenes are created and delaminated. Further modifications of MXene characteristics will occur
according to how they are handled and stored. These factors often get even less attention than synthesis procedures and protocols.The
length of time it takes to fabricate a device from synthesis is typically not stated in publications. However, it is reasonable to anticipate
that Ti3CyTy utilized right away after delamination will differ from that used months later. Naturally, the duration of this period varies
on the method used to create MXene. For instance, the way MXene delaminates, edge oxidation, and the proportion of single to few-
layer flakes will vary depending on whether it is kept as a wet or dry multilayer. After delamination, the material is stored in either an
open or a covered vessel, under specific temperature conditions. It may or may not undergo degassing and is kept either in light or in
darkness, depending on the requirements. The storage conditions also include maintaining specific pH levels, ionic concentration, and
MXene concentration. Additionally, it is noted whether the material has ever been frozen during storage. Table 5 presents the surface-
modified MXene types along with their preparation methods.

Modifying the surface via surfactants, covalent functionalization, or surface functional group tuning is one of the best approaches to
achieve homogeneous dispersion of a nanofiller into a polymer matrix. Using this method to create NCs has been the subject of many
papers since Chen et al.’s report on poly(2-(dimethylamino)ethyl methacrylate) PDAEMA-grafted VoCT, [480]. The grafting of four
functional groups—-NHg, -COOR, -C¢Hp, and -C;3Hos—on the surface of Ti3CoT, was investigated by Hao et al. [481]. The method used
to accomplish this functionalization was to mix ethanol, water, and ammonium with the dried powder of colloidal Ti3C,T, stir for 24
h, and then add either 3-aminopropyDtriethoxysilane, (y-methacryloxypropyl)trimethoxysilane, (methyl aniline)triethoxysilane, or
(dodecyDtriethoxysilane for —-NHj, -COOR, -CgHg, and -C1,Hog-grafted TizCo, respectively. Another twenty-four hours were spent
stirring, centrifuging, and drying after this. After that, the grafted MXene was used to create membranes based on polyethyleneimine
(PEI) or PDMS for investigations on solvent transport. The highest flux improvement ratio for isopropanol, ethyl acetate, toluene, and
n-heptane, respectively, was obtained by incorporating —-NHp, -COOR, -CgHg, and -C;2Hge. This result was shown to be independent
of the membrane matrix (PEI or PDMS). Additionally, solvent-resistant nanofiltration (SRNF) membranes’ capacity to reject impurities
was improved by extending the solute molecules’ transport pathways. By modifying the functional groups on the surfaces of Ti3CyT,,
the permeation and rejection trade-off in SRNF may be customized [481]. This change in the surface group functionality emphasizes
how important the surface chemistry of MXene is; the 4-h sonication period is a disadvantage of this method, however. Additional
efforts towards these silane modifications of ML MXene are recommended.

Wang and Shi et al. [482] introduced chitosan membranes packed with imidazolium brush-functionalized TizCy (QMXene-NHy) via
a solution-based technique. When 7.5 wt% QMXene-NH, was added, these membranes’ ion-exchange capacity was found to be
dramatically enhanced [37]. Additionally, their water absorption and swelling ratios decreased, falling to 85.4% and 18.4%,
respectively. In this work, colloidal MXene was created by ultrasonically sonicating HF-etched Ti3CyT, in an ethanol, ammonia, and
water solution for four hours.

According to Chen et al.’s [497] investigation, the guided bone regeneration characteristics of poly(lactic acid) membranes were
affected by n-octyltriethoxysilane (OTES)-modified colloidal TigCyT,. The incorporation of OTES-MXene resulted in these membranes
exhibiting excellent biocompatibility, including improvements in cell adhesion, proliferation, osteogenic differentiation, in addition to
improved ultimate tensile strengths. Si et al. [498] prepared PS NCs using colloidal Ti3C,T, modified by cationic surfactants, namely,
octadecyl trimethylammonium bromide (OTAB), didodecyldimethylammonium bromide (DDAB), and DTAB. This modified Ti3C>T,
was subsequently dispersed in N, N-dimethylformamide (DMF) via ultrasonication for 1 h, after which PS was added and dissolved.
The resulting composite material was isolated by flocculation, dried, and compression mouldedmoulded at 195 °C for 10 min. Samples
were generated using DTAB-Ti3Cy, OTAB-Ti3Cy, and DDAB-Ti3Cy, all at a functionalized MXene content of 2 wt%. Improvements in
thermal resistance, flame retardancy, and the production of volatile combustion products were noted, with a 26.4% reduction in the
peak heat release rate (PHRR) of PS/DDAB-T. The length of the cationic surfactant was found to increase the basal spacing of Ti3CyTy;
however, XRD patterns of the generated NC were not reported, and the discussion regarding dispersion was limited to EDS mapping of
Ti, which clearly showed agglomeration of Ti3CyT, particles [498]. Hyperbranched polysiloxane (HPSi), which possesses terminal
amino groups following hydrolysis and condensation and permits the intercalation between the MXene sheets, was used by Wei et al.
[499] to modify colloidal Ti3CoT, for PDMS/MXene NCs. Theoretically, this should enhance MXene’s compatibility and dispersion
inside the PDMS matrix. Given the slight change in d-spacing post-treatment, it is improbable that the big HPSi molecule was effec-
tively intercalated, even if the authors claim to have done so according to the following approach. This process involved gradually
adding colloidal Ti3C,T, to an ethanol-based HPSi solution while continuously sonicating the mixture for one hour. The product was
filtered and vacuum-dried for a further 12 h after mixing for 12 h. This HPSi-d-Ti3C; was first trapped by short-chain PDMS, and then it
was added to the pre-reacted long-chain PDMS matrix to create a bimodal composite. After being put into a polytetrafluoroethylene
(PTFE) mould, the finished product was exposed to UV light and radiation for eight seconds to cure it. The XRD spectra demonstrated
that HPSi had intercalated, and the authors report that HPSi-d-Ti3Co/PDMS had a dielectric constant of 23.7 at 100 Hz, which was
significantly higher than that of unfilled PDMS (2.8 at 100 Hz), with a dielectric loss of 0.11 at 103 Hz and a percolation threshold of
1.43 vol%. Merely comparing HPSi-d-TisCy and d-TisCy filled PDMS was the sole presentation of the mechanical characteristics that
were examined [499]. Surprisingly, given the massive size of HPSi, HPSi-TizC,T, did not exhibit a significant increase in basal spacing
at 0.8 A. Although the authors assert differently, there are additional diffraction peaks in the pattern of HPSi-d- TizCyT,, and the
amorphous peak they assign to the structure of HPSi is relatively faint.

30



V. Dananjaya et al. Progress in Materials Science 152 (2025) 101433

Carey et al. [479] synthesized modified Ti3CT, via DHT and investigated the stability of these modified MXene MLs in non-polar
solvents, including p-xylene, n-hexane, cyclohexane, chloroform, and toluene. Linear low-density polyethylene (LLDPE) NCs were
made by solvent mixing, melt extrusion, and injection molding, using the stability of DHT- Ti3CyT; in p-xylene. These 1.12% vol%
DHT-TizCy NCs showed increases in their elastic moduli and tensile strengths of 11% and 32%, respectively. The moduli dropped by
around 2% and the tensile strength rose by about 9.2% in the absence of the DHT treatment. Furthermore, Lee et al. [500] described a
chemically significant method of surface modification: using esterification chemistry, “solvent-like” polymers such as polyethylene
glycol carboxylic acid (PEG6-COOH) were covalently bonded to MXenes. Without oxidizing the two-dimensional Ti3CyTy flakes or
altering the structural ordering, surface modification of TizCyTx with PEG6-COOH at substantial ligand loading (up to 14% by mass)
significantly increased dispersibility in a variety of nonpolar organic solvents (e.g., 2.88 mg/mL in chloroform). Moreover, the
nanoscale assembly of homogeneous microstructures of piled MXene-PEG6 flakes into organized thin films with good electrical
conductivity (~16,200 S-cm™') was enhanced by cooperative contacts between polymer chains. Most significantly, the degree of
functionalization (incorporation of valency) of MXene were adjusted thanks to our covalent surface modification technique using
wo-functionalized PEG6 ligands (0-PEG6-COOH, where o: —NHj, —N3, —CH=CHpy).

Once again, there are a lot of unseen factors that are crucial to performance but are neither taken into account nor disclosed while
fabricating devices. MXenes are 2D sheets by nature, therefore variations in packing density, flake contact, alignment, and other
characteristics impact how well the device works. Using conductivity as an example, it is evident that interflake contact and packing
density have a major impact on electron transport; yet, quantification of these macroscopic properties has received little attention. The
qualities that are obtained vary depending on the method used to make the films, such as spray coating, vacuum filtering, blade
coating, etc. In addition, several parameters including vacuum strength, MXene concentration, film surface, and pore size were
selected specifically for vacuum filtering in the process of creating these films. The film formation may also be influenced by the
particular vacuum filtering configuration. These processing factors again compound when the produced structures grow more
complicated, such as heterostructures.

It’s critical for the MXene community to realize that device performance and effective MXene attributes are influenced by a number
of variables and apparently random decisions. These factors actually matter, even if many of them are almost undetectable in writing.
These seemingly little decisions can have a big impact on the measured performance in some situations or not at all. In any event, the
impacts cannot be measured or even the scale of these effects cannot be understood if they are not disclosed.

5. Composite Structures of MXene

MXene is an excellent filler material for creating various composite materials because of morphological characteristics, layered
structures, and great flexibility. This allows for the complementing assimilation of multiple MXene materials’ remarkable capabilities.
Because of this, MXenes and composites linked to MXenes have received a lot of interest from the scientific community recently for a
variety of uses. In the field of physical sciences, including physics, chemistry, material sciences, and a wide range of applications,
polymers and hybrid materials are just as important as metal oxides. The oxide materials take on a broad range of structural geometries
and electronic structures, giving rise to their insulator, metallic, and semiconductor specifications [387,501,502]. The large density
and small particle size of oxide particles have led to the manifestation of unique physical and chemical properties [503,504]. Among
these oxide compounds are Fe;O3 [505], CeOy [506], V205 [507], TiO2 [508], Al,O3 [509], and many more. Moreover, due of their
similar chemical amalgamation of particles, polymers and hybrid materials are the synthesis and assembly of two or more substances
and compounds (both organic and inorganic) with massive macromolecules and repeating of huge molecular chains. The majority of
these hybrid materials fall within the 1 um scale range, which makes them useful for creating a variety of composites within this range
[510,511]. These materials are made up of several polymers that are connected to pre-condensate and cold mixture. Additionally,
hybrid materials have a host of superior qualities, including resistance to corrosion, surface adhesion, acid toughness, chemical
resistance, and quick changes in ambient temperature [512]. Polysulfides, polyesters, polyurethanes, alkyds, cellulose, polyvinyl
alcohol, and other polymers and hybrid materials are among them.

5.1. Polymer Composites

MXene-filled polymer composites exhibit enhanced mechanical, thermal, and electrical properties due to the high aspect ratio,
conductivity, and functional surface chemistry of MXenes. These composites have potential applications in energy storage, electro-
magnetic interference shielding, and flexible electronic devices, driven by the synergy between the polymer matrix and MXene fillers.
Table 6 presents several recent studies that used MXene as a filler in polymer composites. In 2014, the most extensively researched
MXene to date, TigC,T,, was combined to the hydrophilic polymers PVA and PDDA, in the first report of an MXene polymer NC [395].
Ti3AlC, was etched in 50% HF at room temperature (RT) for eighteen hours while being continuously stirred to create TizCyT,.
Following etching, water was used to wash the MXene multilayers (MLs) until a pH of 6 was achieved. After drying for 24 h at room
temperature, the powder was submerged in dimethyl sulfoxide (DMSO) for 18 h at room temperature. It was then separated by adding
water and centrifuging the mixture. This isolated DMSO-intercalated ML MXene powder was mixed with water in a 300:1 ratio, and the
mixture was sonicated under flowing argon (Ar) for five hours. Centrifugation was employed to extract and use the colloidal super-
natant exactly as it was. These colloidal suspensions were mixed with solutions of PVA or PDDA in different ratios, and the resulting NC
films with MXene concentrations of 0, 40, 60, 80, 90, and 100% were created by vacuum-assisted filtering. This is a fairly standard
process for making MXene colloidal suspensions; however, since then, the acid concentration has decreased to 10-20%, and the use of
DMSO has become less common. Instead, lithium or other cations are added during etching to aid in delamination upon sonication.
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Table 6

A summary of recent studies on MXene filled polymer composites
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Ref.

Polymer

MXene

Processing

Fabrication Method

Properties

[513]

[514]

[499]

[515]

[516]

[517]

[518]

[519]

[520]

[521]

[522]

Polyacrylamide

PDMS

PDMS

Acrylic resin

PVA

PVA

PVA

PVA

PVA

PVA-PPy

PVA

d-TisCy

d-Ti3Cy

d-TisCy
HPSi-d-
TigCy"

TizCoTx

TizCoTx

TisCy

TisC,Ty

TizCaTy

£-Ti,CTy

TisCy

TisCoTy

Solvent

In situ
curing

In situ
curing

Solvent

Solvent

Solvent

Solvent

Solvent

Solvent

Solvent

Solvent

In situ polymerisation

Unidirectional freeze-drying

method

Vacuum-assisted
impregnation

Solution casting

Multilayered casting method

Multilayered casting method

Solution blending and dip-
coating

Solution casting and
vacuum-assisted filtration

Freeze-drying

Solution casting

Vacuum-assisted
impregnation
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With only 6 wt% (1.7 volume percent) MXene loading, the
conductivity of the as-prepared composite samples was
dramatically enhanced to 3.3 x 1072 S m™~". The samples are
also bendable.

Excellent electrical conductivity of 5.5 S/cm was demonstrated
by the resulting 3D-MXene/PDMS nanocomposites, which was
about 14 orders of magnitude greater than that of the plain
PDMS. In contrast, the nanocomposites exhibit a 220% increase
in heat conductivity at a modest MXene level of 2.5 vol% as
compared to neat PDMS.

Percolation thresholds (fc) for d-Ti3C,Tx/PDMS and HPSi-d-
TizC2Tx/PDMS composites, which were made with varying filler
loadings, were 1.32 and 1.43 vol%, respectively. At 102 Hz,
1.40 vol% HPSi-d-Ti3C,Tx/PDMS has a dielectric constant of
23.7, which is 1.5 times more than 1.28 vol% d-TizC,Tx/PDMS
and 8.5 times greater than pure PDMS. Meanwhile, HPSi-d-
TizCoTx/PDMS composite still has a comparatively low
dielectric loss (0.11 at 103 Hz).

The Ti3C,Ty and AE (TisC,Tyx/AE) and CNT-COOH@TisCyTyx/AE
composite films had percolation thresholds (fc) of 1.38 vol%
and 1.51 vol%, respectively. The dielectric constant of 1.42 vol
% CNT-COOH@ Ti3CoTx/AE is 120 at 102 Hz, 30 times more
than AE and 1.29 times greater than 1.26 vol% Ti3CyTy/AE.
Simultaneously, 1.42 vol% CNT-COOH@ Ti3C,Tx/AE dielectric
loss stays at a comparatively low level (0.15 at 102 Hz).

The electrical conductivity of the 27-pm-thick PVA/MXene
multilayered film (containing 19.5 wt% MXene in total) was
716 S/m, the maximum EMI SE was 44.4 dB, and the specific
EMI SE (SSEt) was 9343 dB cm?® g'4.57 W/mK, which was
about 23-fold higher than that of plain PVA. Furthermore, the
multilayered construction provided the film with exceptional
anti-dripping performance.

These thin films can be tuned by varying their thickness to have
tensile strengths ranging from 138 MPa to 225 MPa, EMI-
specific shielding effectiveness normalised to thickness and
density up to 24 550 dB cm? g}, and sheet resistance ranging
from 855 sq-3.27 k sq”! (corresponding to a range of
conductivity ranging from 53 Sm to 125 S m™). Because of the
nacre-like brick-and-mortar structure, this composite is the
strongest MXene-based LbL film developed to date.

MZXene provided the polymer matrices with superior anti-
dripping and thermal stability.

The dielectric characteristics of the flexible thin films were
excellent (solution casting at 10.0 wt% MXene: ¢ = 370.5 and
tan = 0.11 and VAF at 10.0 wt% MXene: ¢ = 3166 and tan § =
0.09).

As exceptional electromagnetic interference EMI shielding
materials, its predicted specific shielding effectiveness may
approach 5136 dB cm? g with an ultralow filler content of only
0.15 vol% and a reflection effectiveness of less than 2 dB,
indicating superb absorption-dominated shielding
performance.

1D nanofibres and 2D nanosheets were discovered to
significantly improve the mechanical characteristics of the
hydrogel hosts, with a noteworthy tensile strength of 10.3 MPa
and a considerable elongation of more than 380%. Furthermore,
the as-fabricated hierarchical structure efficiently encourages
electrolyte diffusion while exhibiting exceptional capacitive
properties such as an outstanding gravimetric specific
capacitance of 614 F ¢! (at 1 A g') and unprecedented stability
during cycling (100% capacitance retention over 10 000
cycles).

The resulting hybrid aerogels have an ordered cellular
architecture, with graphene sheets acting as the inner skeleton
and compactly bonded Ti3C,Tx sheets acting as cell wall shells.
The porous and highly conductive architecture (up to 1085 S m"
1) is highly efficient in endowing an epoxy nanocomposite with
an excellent electrical conductivity of 695.9 S m™ and a
remarkable EMI-shielding performance of more than 50 dB in
the X-band at a relatively low TizC,Tx content of 0.74 vol%,
which are the best results so far for polymer nanocomposites
with similar MXene loadings.

(continued on next page)
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Ref.
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MXene

Processing

Fabrication Method

Properties

[523]

[524]

[525]

[526]

[527]

[498]

[528]

PVA

PAA

Poly(vinyl alcohol)
and poly(ethylene
oxide)

cellulose nanofibre

PP

PS

PA

TisCoTy

TizCaTx

TizCoTx

TisCoTy

TisCoTy

TisCp

TizCaTx

Solvent

Solvent

Solvent

Solvent

Solvent

Solvent

Solvent

Solution coating

Solvent casting

Electrospinning

Multilayered fabrication

Oxygen-free fast-drying
assisted solution casting and
melt blending

A co-coagulation plus
compression molding
technique

Film casting
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Compared to MXene/PVA composite films, MXene@SiO2/PVA
composite films demonstrated reduced dielectric losses at low
frequencies (from 20 Hz to 10 kHz). At 100 Hz and room
temperature (RT), MXene@SiO,/PVA hybrid films with 2.5 wt
% MXene loading and 5 wt% (with regard to MXene content)
SiO; coating had a dielectric constant of 27.2 (a 292.5%
increase compared to neat PVA film) and a dielectric loss of
merely 0.057 (a 259.6% reduction compared to MXene/PVA
composite film). Furthermore, across the temperature range of
RT to 60°C, this SiO,-coated composite film showed steady
dielectric characteristics (dielectric constant and loss change
from 27.2 to 29.3 and 0.057 to 0.104, respectively).

Loaded samples showed a 30.96% boost in the modulus of
elasticity and a 10.9% rise in ultimate tensile strength. The
unique form of the stress-strain plot revealed a water barrier
phenomenon in the case of these MXene-containing composites.
The results of differential scanning calorimetry show a 15 °C
rise in crystallisation temperature (T.), with a crystallisation
enthalpy 18% lower than plain nylon-6 and a degree of
crystallinity of 60-70%, indicating that MXene operates as a site
for heterogeneous nucleation.

TizC,Tyx/ polyethylene oxide (PEO solution showed a high
change in viscosity and conductivity, with increases of 11% and
73.6% above the basal polymer, respectively). X-ray
diffractograms revealed that TizC,/PEO had a high degree of
crystallisation while Ti3C/PVA had a slight drop in
crystallinity.

The mechanical strength (112.5 MPa) and toughness (2.7 MJ m”
%) of alternating multilayered film carbon nanofibres (CNF)
@MXene were higher than those of freestanding MXene film
and homogeneous CNF/MXene film. Meanwhile, the electrical
conductivity of the directly connected MXene layers rose from 2
(homogeneous CNF/MXene film) to 621-82 S m™! (CNF@MXene
films). CNF@MZXene films demonstrated exceptional EMI
shielding effectiveness of 40 dB in the X-band and K-band along
with excellent specific shielding effectiveness up to 7029 dB
em? g'! at a thickness of only 0.035 mm when combined with
the extra “reflection-absorption-zigzag reflection” mechanism
among the alternating multilayers. Furthermore, the superior
mechanical flexibility ensured steady EMI shielding and
electrical qualities, which can endure the folding test 1000
times without noticeable loss.

Ultrathin two-dimensional (2D) polypropylene/titanium
carbide (Ti3C,Tx) nanocomposites with considerably higher
tensile strength (35.3%), ductility (674.6% increase), storage
modulus (102.2%), and early degradation temperature (79.1 °C
change).

The cationic-modified TizC,/polystyrene (PS) nanocomposites
exhibited significant improvements in their thermal stability, as
evidenced by temperature increases of 20 °C for
dodecyltrimethylammonium bromide (DTAB) - TizCo/PS, 25°C
for OTAB- Ti3C,/PS, and 23 °C for DDAB- Ti3C,/PS at 5%
weight loss, respectively. The increased flame-retardant
qualities of PS were likewise achieved by the modified MXene
nanosheets. PHRR for PS/OTAB-Ti3C,, PS/DDAB- Ti3C,, and
PS/DTAB-Ti3C, was around 26.4%, 21.5%, and 20.8% lower
than that of clean PS.

The MXene filler’s percolation threshold inside the coPA matrix
was discovered to be 0.05 vol.%, and the composite filled with 5
wt.% (1.8 vol.%) of MXene had the highest electrical
conductivity, measuring 1.4 x 102 S.cm™". The electrical
conductivity of the MAX phase, which served as the precursor
for the synthesis of MXene, was 172 S-cm ™', whereas the
electrical conductivity of the MXene as synthesized was 9.1
S.cm™L. UV spectroscopy verified that the produced composite
films were more transparent than 75%, even for samples that
contained 5% weight of MXene.

(continued on next page)
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Table 6 (continued)

Ref. Polymer MXene Processing Fabrication Method Properties

[529] PI TizCoTx Solvent Film casting The MCF-5/epoxy EMI shielding nanocomposites demonstrated
optimal electrical conductivity of 184 S/m and maximum EMI
SE of 46 dB, 3.1 x 10*, and 4.8 times greater than that of MCF-
0/epoxy nanocomposites (without TizC;Tx MXene),
respectively, when the mass fraction of MCF was 4.25 wt%
(MCF-5). Additionally, there was an 11% and a 13% rise in the
equivalent hardness of 0.31 GPa and Young’s modulus of 3.96
GPa, respectively.

[530] PAM TizCo Solvent Film casting With only 6 wt% (1.7 volume per cent) MXene loading, the
conductivity of the as-prepared composite samples was
dramatically enhanced to 3.3 x 1072 $ m~'. The samples are
also bendable.

[531] PU TizCoTx Solvent Wet-spinning It is shown that the conductivity is present at a shallow
percolation threshold of ~1 wt%, which is less than the values
previously reported for polymer composites based on MXene.
When employed as a strain sensor, the MXene/PU composite
fibres exhibit a tremendous detecting strain of ~152% and a
high gauge factor of ~12900 (~238 at 50% strain).

[532] PANI TizCoTx Solvent Dry filteration The MXene/PANI composites in a paraffin matrix showed a
maximum reflection loss of -56.30 dB at 13.80 GHz with a
thickness of 1.8 mm when they had an appropriate PANI
concentration. Furthermore, the adjustable thickness varied
from 1.5 to 2.6 mm, and the effective absorption bandwidth
(>90%) covered the X-band (8-12.4 GHz) to Ku-band (12.4-18
GHz).

[533] PAP and PPy TizCoTx Solvent Layer deposition The f-MC/Ppy bases sensor was the most sensitive sensor, which
had a sensitivity of 0.00232 kPa™" in the range of 126 to 168
kPa. The sensitivity of the f-MC/CNPs-based sensor was
0.00017 kPa™! in an extensive range of 68-168 kPa.

[534] PEDOT and PSS TizCoTx Solvent Solvent mixing When evaluated at room temperature, it showed an improved
response over pure Poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT: PSS) and pure TizC,Ty. It also
had a high response ratio of the, most significant response and
the second highest response (5.54).

[535]  PVDF TizCaTx Solvent Triplex solution casting Compared to PVDF and mono-layered composites, the sandwich
composite exhibits better overall electrical performance. Its
breakdown strength is around 350 MV m ™, its permittivity is
approximately 26 at 100 Hz, and its energy density (efficiency)
is approximately 12.5 J cm~> (~64%) at breakdown strength.

This is accomplished by introducing lithium or other cations into interlayer spaces in place of directly employing HF by combining HCI
and fluoride salts.

Due to its vast research base, ease of synthesis, and relative stability when it comes to oxidation in comparison to other MXenes,
Ti3CyT, has been the subject of the majority of research to date. Curiously, though, Chen et al. [480] grafted poly(2-(dimethylamino)
ethyl metchacrylate) (PDMAEMA) brushes on ML vanadium carbide (V,CT,) via self-initiated photografting and photopolymerization
of 2-dimethylaminoethyl methacrylate in just the second publication on polymer MXene NC. The scientists discovered that the
transmittance of aqueous suspensions of V,C@PDMAEMA could be regulated by varying the temperature thanks to the thermores-
ponsive phase separation behavior of PDMAEMA, which has a lower critical solution temperature of around 40 °C. The advantages of
MXenes and polymers are combined in MXene-polymer composites, which lead to an increased mechanical toughness, increased
interlayer spacing between MXene layers, and increased structural stability. Consequently, MXene-polymer composites can demon-
strate outstanding performance in a range of applications, particularly in photothermal conversion, energy storage, EMI shielding,
sensing, and triboelectric nanogenerators (TENGs).

Layered components must be fully and homogeneously dispersed throughout the polymer matrix to optimise the NC characteristics.
It is crucial to remember that monolayers may not always be the best option for mechanical reinforcement. This was shown in the
instance of graphene polymer NCs by Gong et al. [536], where trilayer graphene with a layer thickness of 1 nm produced the highest
composite modulus. Because MXene’s exfoliation may be decreased to an optimal degree, ML MXene may be favourable for usage in
polymeric NCs in addition to its scalability benefits. Thus, to get both dispersion and exfoliation simultaneously, the process by which
the NCs are made has a crucial effect on their structure and, by extension, their characteristics. Melt blending, in situ polymerization,
and solvent blending/casting/filtration are the primary methods used in NC processing. Despite this observation, using a variety of
approaches is not unusual.

34



V. Dananjaya et al. Progress in Materials Science 152 (2025) 101433

5.2. Metal Composites

These composites offer a unique combination of properties derived from both components, such as high electrical conductivity,
mechanical strength, and thermal stability. MXene metal composites have attracted significant attention for their potential

(@) MXene film

Cu bulk

Fig. 13. The wettability test optical snapshot (a) shows the interface between Cu bulks and MXene film. The secondary electron SEM image (b—e)
shows the elemental mapping that corresponds to the interface between Cu bulk and MXene film. (b) The SEM picture; (c) Cu, (d) Ti, (e) O; and (f)
Enlarged SEM iamages of the MXene film region. Reprinted with the permission of Ref. [541].
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applications in various fields, including energy storage, electromagnetic interference shielding, catalysis, and sensing.

Al/MXene: Deionized water was added to the beaker containing Al powder, and it was mechanically agitated and ultrasonicated in
an ice bath. Subsequently, MXene was gradually added to the Al suspension while stirring. The required MXene/Al powder combi-
nation was subsequently obtained by filtering and drying the suspension in a vacuum furnace. Finally, the MXene/Al powder com-
bination was consolidated using the Spark plasma sintering (SPS) method [537]. Ti3CoTyx/Al composites were made via pressureless
sintering, and hot extrusion was the next step in the procedure. Pressureless sintering was conducted under process conditions of 650
°Cand 1 h in Ar, while the hot extrusion process was conducted at a temperature of approx. 450 °C. Composite properties were assessed
based on the addition of Ti3C,Tx aggregate at 0.5 wt% to 3 wt%. In contrast to pure Al, the composites’ tensile strength (148 MPa) and
Vickers hardness (0.52 GPa) were markedly improved by 92% and 50% as the Ti3CoTy content reached 3 wt% [538]. TizCyTx MXene
has been the subject of recent investigations using powder metallurgy techniques as an Al-reinforcing material [537]. In the initial
mechanical investigation of MXene/Al composites, non-delaminated multilayer Ti3C2Ty powder and Al powder were combined using
ball milling, pressureless sintering at 650 °C in an Ar atmosphere, and hot rolling [539]. Delaminated few-layer flakes of TizgC2Tx in Al
powder combined in water under sonication were utilized in another investigation [537]. These were then subjected to SPS at 580 °C
for 20 min under 50 MPa and hot extrusion. Tensile strength was improved by 50% when non-delaminated TizCyTx powder up to 3 wt
% was combined with Al [538]. However, few-layer delaminated Ti3CoTyx improved tensile strength by 66% when Ti3CyTx was
included in Al at just 0.2 wt% [537]. Furthermore, investigations on the mechanical strength of non-delaminated MXene in Cu matrices
have been conducted, as shown in Fig. 13. In one work, non-delaminated multilayer Ti3CoTx powder was mixed using an ethanol
solution and a Cu precursor, which was produced by reductive heat treatment at 60 °C. Cu was then obtained by SPS at 800 °C under 35
MPa for five minutes, with a temperature ramp rate of 50 °C/min [540].

RhNi/MXene: The one-step wet chemical approach was used to create the RhNi/MXene nanocatalyst. In a two-neck round-bottom
flask, 100 mg of MXene is dissolved in 2 mL of water (30 mL) and sonicated for 30 minutes to produce a homogenous dispersion. Next,
add 100 L of a 0.8 mmol/mL rhodium chloride combination and 100 L of a 0.2 mmol-L ™! nickel chloride solution to the previously
described MXene solution and stir gently for 20 minutes at a speed of 220 rpm using electromagnetic stirring. Subsequently, 0.5 mL of
2.0 M NaOH solution containing 24 mg of sodium borohydride (NaBH,) (1.3 mol-L 1) is added to the combination indicated above and
agitated rapidly for three hours at 0 °C. An ice-bath is used to maintain a low enough temperature to inhibit the production of RhNi
nanoparticles. Centrifugation and deionized water washing are the steps involved in creating the RhNi/MXene nanocatalysts [542].
The production of nitrogen-doped MXene-based composite catalysts for improved HER performance was investigated by Wu et al.
[543]. They were able to successfully insert nitrogen-doped carbon (N-C) with extensively scattered ruthenium (Ru) onto the MXene
surface by thermally decomposing RuCls combined with melamine and formaldehyde resin. Ru nanoparticles (Ru NPs) and Ru single-
atom (Ru SA) percentage were both influenced by the calcination temperature, which was necessary to enable the synergistic
improvement of HER efficiency by Ru NPs and Ru SA. Ti3C2Ty-N/C-Ru-600 (TNCR-600), the resultant catalyst produced at a calci-
nation temperature of 600 °C, had remarkable HER activity (110 = 17 mV) and stability (160 h) in an alkaline environment. This work
offered fresh insights into the design and control of high-performance Ru-based catalysts for hydrogen generation, while also pre-
senting a straightforward and efficient method for creating composite catalysts. For Ni/MXene composites, following two rounds of
magnetic stirring to dissolve the ingredients, the mixture was heated in a Teflon-lined stainless-steel autoclave. The goods were
repeatedly rinsed with deionized water and 100% ethanol. The black granules had eventually been dried out over night [544].
Gothandapani et al.[545] used the calcination of Ni-MOF at 650 °C to create Ni composite with MXene (Ni-Ti3Cs), which was then
characterized by XRD, FE-SEM, FTIR, and BET analysis. In comparison to Ti3Cy, the resulting Ni composited TizCy had a higher
porosity and surface area following calcination. The resultant material was further examined by cyclic voltammetry (CV), electro-
chemical impedance analysis (EIS), and linear sweep voltage (LSV) in an alkaline media. It was also employed as an electrode for the
Hydrogen Evolution Reaction (HER). Because of the surface area and easily accessible catalytic active sites, the derived Ni-Ti3Cy in
basic medium exhibits a modest Tafel value of 56.15 mV/dec with an acquired voltage of 181.15 mV, providing outstanding mass
transfer qualities for the derived Ni-Ti3Cy composite in basic medium. In basic media as opposed to acidic medium, the HER reaction
kinetics in Ni-TizCo MXene composite were shown to be more favorable. The charge transfer resistances for Ti3Cy and Ni- TigCs in
acidic medium were determined to be 3.98 Q and 2.34 Q, respectively, based on the EIS plot, whereas in basic medium they were found
to be 3.12 Q and 1.98 Q. The lower resistance of Ni-Ti3Cy in basic media indicates that it has a stronger electrocatalytic activity than
Ti3Cy. In basic medium, the cyclic stability of Ni-Ti3Cy was greater than that of Ti3Cp. Consequently, the produced composite is a
possible catalyst for HER applications, according to the overall results.

PdCly/MXene: To produce dsDNA, the dsDNA was spread out in distilled water, heated to 95 °C for 20 minutes, then quickly cooled
in an ice water bath. Subsequently, 1 mL solution of DNA was mixed with 1 mL of 1 mg/mL Ti3C; distribution, sonicated for 30 minutes
in a cold-water tub, and centrifuged for 10 minutes at 10,000 rpm and it was again dispersed in 7.5 mL of deionized water. To create
PdANP-modified MXene nanosheets, 1 mL of 0.01 M PdCl, was added to Ti3Co/DNA process and vigorously stirred for 20 minutes. After
30 minutes of sonication, 100 pliters of 0.1 M NaBH4 was gradually added to an ice water bath. Subsequently, 400 mL of 0.1 M NaBH4
was carefully placed into an ice water bath and stirred for 30 minutes. 1.2 mL of 0.01 M H,PtCls.6H20 was then stirred for 20 minutes.
The TizCa/DNA/Pd/Pt nanocomposite was ultimately made after three centrifugations [546]. In the study by Karatas et al.[547],
methylamine-borane hydrolysis was used to examine the catalytic activity of a palladium-doped cryo-MXene catalyst that was syn-
thesized utilizing a wet impregnation technique. Different analytical approaches were used to characterize the palladium nanoparticles
that were doped on the surface of the MXene substrate by chemical reduction of Pd*2. Liquid nitrogen was used to cryogenically treat
the produced palladium-doped MXene phases at a temperature of -160 °C. With a turnover frequency (TOF) of 45.8 for 298 K, the
palladium-doped cryo-MXene catalysts demonstrated exceptional catalytic activity in the hydrolysis of methylamine-borane.
Furthermore, even after the five cycles, the palladium-doped cryo-MXene showed good stability.
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Ti3Cy MXene@Au composite was prepared using the self-reduction technique. Stirring was used to create a solution of Ti3Co MXene
(100 mg) and ultrapure water (100 mL). Next, to initiate the self-reduction, HAuCl4 (3 mL/0.1 mol-L™1) was gradually added to the
solution while being constantly stirred. After thirty minutes of work, the suspension was centrifuged and thoroughly cleaned with
ultrapure water. Ultimately, the TizC,; MXene@Au composite was produced by 48 h of lyophilization at —60 °C [548]. The Au/ TizCaTx
nanocomposite was created by a process of chemical reduction. In this procedure, a reducing agent was added to the metal-containing
solution, and stirring helped the reduction process even more. TizC2Tx MXene was then added to the previously described combi-
nation. Following the end of the reaction, the solution was washed three times with deionized water and drained using cellulose filter
paper with 0.1 um pore size. After filtering, the material was dried in vacuum oven at 80 °C for two hours [549].

In a different investigation, the non-delaminated Ti3C,Tx powder in Cu matrices was mixed with Cu and Ti3CyTx powders by high-
energy ball milling at 350 rpm in Ar. The samples were then sinterted by vacuum heated pressing at 1040 °C and 25 MPa for 30
minutes, with a temperature ramp rate of 1.5 °C/min [501]. According to these tests, non-delaminated TizC,Ty powder mechanically
strengthened the Cu matrix, outperforming the pure Cu matrix by up to 50% [540]. The use of delaminated few-layer Ti3C2Tx MXene is
anticipated to be much more successful in enhancing the mechanical characteristics compared with multilayer Ti3C>Tx powder, even
though the processing conditions used in these investigations on Al and Cu matrices were not similar. Because single-flake MXene has a
larger surface area for stress transmission from the metal matrix to the delaminated MXene 2D flakes, it is generally stronger than its
multilayer powder cousin. Prior research on 2D nanomaterial filled metal matrix composites has demonstrated that the rise in surface
area is a critical component [550]. Furthermore, secondary bonding such as van der Waals between flakes of MXene occurs in
multilayer MXene particles, and it is weaker than primary in-plane M-X bonding. Larger gains in mechanical qualities may result from
the usage of single-flake MXenes, which will guarantee that the MXene materials solely include primary bonding as the reinforcing
material. Compared to graphene nanoplatelets (GNPs), carbon nanofibres (CNFs), carbon nanotubes (CNTs), ceramic and refractory
particles, single-flake Ti3CoTy sheets significantly increased the strengthening effectiveness of Al composites [538]. Table 7 illustrates
how MXene may enhance metal composites’ mechanical qualities in comparison to competing reinforcing materials.

Additionally, delaminated single-flake Ti3CoTy MXene has been studied as a potential addition for Mg-Li composites. TizCTy Mg-Li
MMCs were created via a molten-gelation mixing procedure in which the metal was sonicated at temperatures higher than 500 °C to
integrate TigCyTyx [476]. Tensile yield strength has improved by 128 percent compared to the matrix metal because of this procedure. A

Table 7
Properties, applications and synthesis method of MXene-metal composites
Ref Metal Composite Method Properties Applications
[549] Au/TizCoTx Chemical reduction Microstructure Electrochemical and catalytic
performance
[548]  TisCa/Au/CdS Self-reduction Microstructure Photocatalytic hydrogen
production activity
[554] MXene/AuNPs Self-reduction Catalytic performance
[538] Ti3CoTy/Al Pressureless sintering followed by Microstructure and mechanical Solid lubricant
hot extrusion properties
[5371 Few layered MXene (FLM)/Al Self-assembly protocol and powder Microstructure, mechanical Automotive, aerospace,
composite metallurgy properties packaging industries
[555]  MXene/MgAl- layered doubled In situ synthesis Anticorrosion
hydroxide (LDH)
[556] Ti,C/Au-Ag Machine learning Electrochemical and SERS
intelligent analysis
[557] MOF-derived MnO,/Mn304 and Enzymatic inhibition Electrochemical pesticides
TizCy MXene/Au detection
[558] MXene/Ag Direct reduction method Lithium-ion batteries
[559] Ag-Ti3CyTy and Ag-Nb,CTy Simultaneous self-reduction and EMI shielding Wireless technologies and radar
Composites oxidation systems
[560] Ag-Ti3C,Ty and Ag-Nb,CTy Self-chemical reduction Electromagnetic Interference EM wave shielding
[561] MXene-Ago.oTio.1 Self-reduction Electrocatalytic activity
[476] Ti3CoTy /Mg-Li Liquid metal gelation Mechanical properties Alloys, batteries and
supercapacitor
[544]  TigCyTy /Ni In-situ hydrothermal Electromagnetic wave absorption Electromagnetic wave
(EMA) absorption
[562] FeNi/TizCoTx Facile in situ hydrothermal Microstructure, magnetic and Radar detection technology
microwave absorption
[541]  Ni-MXene/Cu composites High energy ball milling Microstructure, mechanical and Automotive and aerospace
wettability industries
[546]  TizCy/DNA/Pd/Pt In-situ process Sensor and catalytic performance
[563] Pd/MXene One-step soft solution processing Microstructure, surface-enhanced Sensors, catalysis, biomedical
Raman spectroscopy
[564]  Ti3CyTyMXene/Zn Facile in situ electroplating Flexibility, wettability, electronic Energy storage system
conductivity
[565]  MXene/Cu High energy ball milling Microstructure, mechanical Automotive and aerospace
industries
[566]  MXene/Sb One-step electrodeposition Flexible Catalyst, batteries, sensors

approach
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(@)

Smooth surface

Bare Zn foil

Fig. 14. Evolution of morphology and schematic representation of zinc deposition. Diagrammatic deposition on the Ti3CoTxy MXene@Zn paper (j)
and Zn foil (a). Typical top-view SEM pictures of Zn deposition in 2 M ZnSO, electrolyte following plating capacities of 1 mA-cm ™2, 10 mAh-cm~2,
and 20 mAh-cm~2 on Zn foil and 1 mA-cm ™2, 10 mAh-cm™2, and 20 mAh-cm~2 on TisC,T, MXene@Zn paper, respectively. Cross-sectional SEM
pictures of the materials that correspond to panels d and h, respectively: (e) commercial Zn foil and (i) Ti3C2Tx MXene@Zn paper. Reprinted with

authorization from Ref. [567].

three-fold increase in flake thickness and the discovery of mixed hexagonal and cubic phases in the recovered flakes indicated a partial
phase change of Ti3CoTx [476]. As it has shown in high-temperature annealing of Ti3CyTy, these modifications may represent partial
phase transitions of TizC,Ty to mixed TiC and TiCy phases [551]. Future investigations of embedded MXene flakes in MMCs will be
able to clarify the whole attribution of this phase shift in molten phase infiltration [476].

The mechanical strength and intrinsic characteristics of MXene surface terminations also influence the tribological characteristics
of MXene metal matrix composites. Increased hardness and reduced plastic deformation of the Ti3C2Tx reinforced Al composites were
responsible for a ~2.5 times reduction in the coefficient of friction (COF) of a 3 wt% non-delaminated multiple-layer Ti3CyTx rein-
forced Al composite over 300 cycles in metal matrix composites within a ball-on-plate setup with a 5 N load [538]. Also, MXene-Zn
metal composites have reported a significant property development in the composite structures as shown in Fig. 14. A 26-wt%
delaminated single-flake Ti3C2Tx in Cu composite (Fig. 15), fabricated by electrodeposition processes via multilayer Ti3C2Tx and a Cu-
containing precursor, showed a 19-fold reduction in wear rate and a 2-fold decrease in COF compared to its pure Cu counterpart in a
similar configuration under a 1 N load. The TizCyTx-tribolayer that developed at the contact site was thought to have improved wear
behavior because it decreased the shear force needed to move the interface [552]. The decreased interlayer sliding friction between
terminated MXene sheets in this tribolayer is responsible for the lower shear force needed for contact motion [553].

5.3. Ceramic Composites

High electrical conductivity, high-temperature phase stability, and young’s modulus of MXenes make them promising for use in
ceramic matrix composites (CMCs). Furthermore, MXenes’ strong negative zeta potentials (-32 to —45 mV) and solution processability
[568] make them excellent choices for CMCs’ wet or slurry-based solution processing of green bodies without particle agglomeration,
which is observed in more traditional nano fillers [569]. Furthermore, the usage of traditional surfactant components is rendered
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Fig. 15. (a) An optical photo of the 3MXene-Cu composite powders implanted in bakelite using 3, 6, 9, and 12 high-energy ball milling; (b-e) An
optical microscope photo of the composite powder in (a) that is, correspondingly, (b) 3 h, (c) 6 h, (d) 9 h, and (e) 12 h. Reprinted with the
permission of Ref. [940].

unnecessary by the negative zeta potential of as-synthesized MXenes. It is intended that the solution-processing of MXene CMCs be
scalable and maybe incorporated into current green body mixing techniques. Surface groups like -F, -Cl, -O, and -(OH) are responsible
for MXenes’ negative zeta potential [570-572]. Because of the electrostatic interaction between MXene and the ceramic grains, these
surface charges cause MXene to adsorb to the oppositely charged ceramic particles. Further research into high-energy mixing tech-
niques may be done on MXenes’ prolonged colloidal stability in non-aqueous solvents such as alcohols and processability in dry
powder forms. In addition to solution-processing, other methods such as milling, reactive bonding, and chemical infiltration are
investigated [573]. When creating green bodies of mixed MXene CMC powders via sol-gel processes, the dynamic surface chemistries
of MXene can also have an impact. The kind of ceramic matrix—which may be divided into oxides and non-oxides—determines the
preparation of MXene CMC green bodies and the sintering pathways for MXene-CMCs. Zinc oxide and alumina oxide systems have been
studied thus far in terms of oxides. Research employing alumina as a matrix has only included multilayer MXene particles. For instance,
alumina and multilayer TizCyTx particles were combined via ball milling in ethanol for 20 h. The green body that resulted was sintered
for one hour at 1500 °C in air (Fig. 16 a,b) [574]. The composite showed around 300 percent improvement in fracture toughness, 150
percent increase in bending strength, and 300 percent increase in hardness. However, the MXene phase decomposed into titanium
oxide because of the prolonged sintering periods in an oxygen-rich environment, which may have an impact on the mechanical
characteristics of these composites.

In ceramic oxide matrices, there are ways to lessen MXene oxidation. Recently, the possibility of incorporating sputtered multilayer
MXene particles containing Mo and Ti into alumina matrices has been explored [398]. A protective barrier was created by sputtering
transition metals onto MXene particles, preventing MXene from oxidizing inside the oxide matrix. Using wet attrition milling in
isopropanol, the sputtered MXene particles were combined with alumina (particle size 140 nm). The combination was sintered using
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Fig.16. (a) Prior to sintering, MXenes ceramic matrix composites with matrices like Al;03 and ZnO were subjected to XRD patterns of their Al;03
and Al;O3 2 wt% TizCoTx powder mixes. (b) Al,O3 2 wt% TizC,Tx composite SEM micrographs made by sintering at 1500 °C. Reprinted from the
permission of Ref. [574]. (c) High-resolution TEM picture of Al,O3 2wt% Ti3C,Ty showing the production of TiC, as shown by selected area electron
diffraction (SAED) of the sintered MXene. The bottom inset of the resultant TiC and alumina matrix [398] demonstrates the presence of graphitic
carbon at the grain boundaries. Diagrammatic representation of (d) ZnO-Ti3C,Tyx nanocomposites’ grain boundary and (e) the cold sintering method
of manufacture. cols sintered pure ZnO and ZnO 1wt% Ti3C,Tx composite SEM images. MXene 2D flakes are seen at the ZnO grain boundaries in this
h TEM picture of a cold sintered ZnO 1wt% TizC,Tx sample. Zn is displayed in red and Ti is exhibited in blue in this energy dispersive x-ray
spectroscopy of ZnO 1wt% TizCyTy, exhibiting MXenes at the grain boundaries. ZnO-Ti3C,Tx nanocomposites’ densities and relative densities after
one hour of cold sintering at 300 °C. Reprinted from the permission of Ref. [575].

SPS at 1400 °C for three minutes while under a 35 MPa uniaxial pressure. Compared to monolithic alumina, the resultant CMCs
containing 0.5 wt% Ti3CyTy showed enhanced hardness (10%) and fracture toughness (15%) [398]. TiC particles were produced via
high-temperature (1400 °C) composite sintering of Ti3CyTy, as predicted by the high-temperature phase change behavior of MXenes
(Fig. 16 c). At the grain boundaries of this resultant TiC and alumina matrix, graphitic carbon was found (Fig. 16 ¢ bottom inset). When
Ti3CyTy particles are etched with 48% hydrofluoric acid for 24 h, the outer surfaces of the particles etched, which may explain the
presence of carbon at the grain boundaries [576]. On the other hand, Mo,C is visible at the grain boundaries of sintered composites
containing Mo-sputtered MXene particles, indicating an interaction between Mo and graphitic carbon during the sintering process.
Low-temperature sintering techniques are another way to stop MXenes from oxidizing when combined with oxide matrices. The use
of cold-sintering for single-flake Ti3CyTx MXene mixtures including submicron ZnO particles has been investigated. ZnO particles were
combined with 0.5 to 5 wt% of Ti3CoTy single-flake solution to create the composite mixes. The mixtures were then sonicated for 15
minutes and freeze-dried for 72 h. Following a mixture of the resultant ZnO-TizC,Tx powders with about 20 wt% of 1.5 M acetic acid (1
gramme of powder with 0.2 gramme of acetic acid), the wet powders were sintered for one hour at 250 MPa at 300 °C [575]. Fig. 16 d,
e depicts the schematic of the ZnO-Ti3CyTx composites’ cold sintering process. ZnO grain development was inhibited by the addition of
MXene flakes at the grain boundaries (see Figs. 16 f and g). With the addition of 5 wt% Ti3CyTx, MXenes significantly increased the
electrical conductivity of ZnO by five orders of magnitude. The presence of MXene flakes at the ZnO grain boundaries is seen in Fig. 3h.
This phenomenon improved the electrical conductivity of ZnO-Ti3C2Ty CMC by providing an effective channel for electron transport
[575]. CMCs have also used MXenes’ great mechanical stiffness, two-dimensional layered structure, and EMI shielding capabilities in
non-oxide ceramics. Ti3CoTyx multi-layer particles containing SisN4 were ball-milled in isopropanol medium for ten hours [60]. Using
SPS, the green bodies were sintered at 1750 °C for 30 minutes at an uniaxial pressure of 30 MPa. The characterization findings showed
that high densification required the use of an oxide sintering additive, namely ZrO,. On the other hand, the sintered composite did not
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exhibit any MXene in the final CMCs when the oxide addition was applied. The 0.7 wt% Ti3CoTx-ZrO2-SisN4 composite’s fracture
toughness at 5.2 MPa m'/2 was found to be 15% more than that of a pure SisN4 sintered under comparable circumstances. In a different
investigation, Ti3CoTx MXene was combined with a polymer (hyperbranched polyborosilazanrcentage of 3-10 wt% [577]. Polymer-
ization was then carried out for two hours at 400 °C, followed by pyrolyzation at 1000 °C and annealing to create TiC/SiBCN ceramics.
The resultant MXene-derived TiC reinforced SiBCN composite demonstrated stable performance at greater temperatures (up to 600 °C)
in both air and argon atmospheres, along with strong X-band absorption [578]. Overall, the increased thermal stability of the CMCs is
probably due to the layered production of nanocrystalline non-stoichiometric TiCy crystals at the grain boundaries.

SiC composites were created using TioCTx MXene as a filler [579]. After solution-processing 1 to 3 wt% TixCTy few-layer MXene
flakes in isopropanol, they were combined with $-SiC (420 nm particle size) in a planetary ball mill for ten hours. The green bodies
were then sintered using SPS under 50 MPa uniaxial pressure for 30 minutes at 1900 °C in vacuum, with a heating rate of 50 °C per
minute. Compared to pure SiC (~98.5%), sintered CMCs showed better densification, with relative densities of 99.5% in composites
with 1 wt% TiyCTyx addition. Composites containing 1 wt% MXene demonstrated a minimal 10% improvement in hardness and a 66%
increase in fracture toughness when compared to pure SiC. MXene ceramic composites are still in their infancy, with few investigations
having been conducted in this area. But because MXenes change into bulk carbides at high temperatures [39], comprehension and
expectations of MXene CMCs can be enhanced by the abundance of information available on bulk 3D crystalline carbides used as
reinforcements in CMCs. It has been demonstrated that adding additional fillers to CMCs often prevents excessive grain formation
while enhancing densification, sinterability, and increased oxidation stability [580,581]. High-temperature materials like ZrB, and
HfB; ceramics are often processed better with the addition of monocarbide 3D crystalline filler phases like SiC, WC, and VC [582-585].
It has been shown that the bending strength of composite materials may be enhanced by the presence of transition metal carbide phases
at the ceramic matrix’s grain boundaries [586]. This is achieved by enhanced intergranular bonding between the ceramic grains
through diffusion. The intrinsic synergetic phase compatibility between carbide reinforcements and elevated temperatures ceramics is
the cause of this intergranular bonding [354]. These carbide phases can provide CMCs a variety of beneficial material features in
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Fig. 17. (a) At an applied potential of —0.35 V vs. Ag/AgCl (3 M NaCl) in PBS pH 7.4, the amperometry i-t curve obtained at the Au-PCB/Ru/
MXene-B-HBD-NAD-GA-BSA electrode (b) The matching linear calibration curve for f-HBA (n = 3)+ amperometric determination. Reproduced from
Ref. [599], (¢) The manufactured biosensor device’s typical DPV response to the repeated detection of successive quantities of miR-21 and miR-141
in HEPES buffer (pH 7.4). (d) Corresponding regression figure showing the peak values of MB and Fc’s oxidation current as a function of miR-21
concentrations. (e) Schematic diagram showing the whole multiplex and concurrent detection of miR-21 and miR-141 test process. The related
cyclic voltammograms of AuNP/Au (black) and AuNP@MXene/Au (red) are displayed in the inset. (f) Nyquist plots (Z' vs.—Z") produced for AuNP/
Au and AuNP@MZXene/Au and the analogous Randles circuit model; The studies were conducted in PBS (pH 7.4) containing 0.1 M KCl and 5 mM of
Fe (CN)g 4—/3—, with a CV scan rate of 50 mV/s. (g) The typical chronocoulometric behavior of RuHex on AuNP/Au and AuNP@MZXene/Au in 20
mM KCL and hexaammineruthenium (iii) chloride (200 pM) + KCl (20 mM) is displayed. The dashed lines represent the intercept values and the
outward stretching tangents that are projected to the Y-axis. (h) Differential pulse voltammetry (DPV) curves produced following hybridization with
uncleaved Fc-labeled DNA sequences (DSN products of 20 pM and 1 pM miR-141 reaction) for Base141/AuNP/Au and Base141/AuNP@MXene/Au.
(i) The normalised oxidation current peak value of Fc was statistically analyzed. Reproduced with permission from Ref. [600].
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addition to intergranular strengthening because of their inherent mechanical and electrical characteristics, which also enhance their
oxidation stabilities [587]. Since MXenes have surface groups that allow them to make primary bonds with ceramic matrices, they are a
particularly promising class of carbide nano filler. They may be thought of as organized carbon vacancy carbides [551] with strong
internal M-X ionic/covalent bonding.

5.4. Bio Composites

MXene-loaded biocomposites combine the remarkable characteristics of MXenes with the adaptation and environmentally friendly
nature of biocomposites [588]. Also, they offer a novel and exciting direction in materials research. MXenes provide unique attributes
to biocomposites, a type of material consisting of a matrix supplemented with natural fibres or polymers, and they have a potential to
produce a hybrid that is both more effective and more biodegradable [589,590].

MXenes and biocomposites together provide a wide range of applications, especially in the fields of energy storage [591],
biomedical implants [592], and flexible [593] and wearable electronics [594]. These composites are compatible with live tissues due
to their biocompatibility [595]. It qualifies them for use in implanted medical devices [596]. MXene-loaded biocomposites can also be
used in high-performance, lightweight electronics due to their superior mechanical strength and electrical conductivity [597]. MXene-
loaded biocomposites are more appealing overall because of their sustainable and ecologically beneficial qualities [598]. Moreover,
they meet the rising need for materials that are environmentally sensitive across a range of sectors. With an emphasis on sustainability
and performance, this new subject has a lot of potential to advance materials engineering.

Enzymes, the first natural recognition components used in biosensors, may efficiently and precisely react with targeted analytes,
resulting in an electrochemical response. By immobilising enzymes on MXenes to create biosensors, the enzymes can offer flexibility to
the biosensors, meanwhile the MXenes operate as transducers, maximising their electrical conductivity, vast surface area, and
biocompatibility. MXenes’ huge surface area combined with their distinctive laminar architecture allows for enzyme immobilisation
across a vast region. As shown in Fig. 17, Lee et al. [599] developed enzymatic beta-hydroxybutyrate biological sensors for amper-
ometric detection employing p-hydroxybutyrate dehydrogenase tuned TisCoTx-type MXene nanosheets. The biosensors were suc-
cessfully utilised for the measurement of f-hydroxybutyrate in spiked blood specimens. Ti3CoTy’s laminar disintegration allowed for
the immobilisation and encapsulation of the enzyme, creating a favourable milieu over p-hydroxybutyrate dehydrogenase (f-HBD) for
retaining its bioactivity and stability for extended periods of time.

6. 3D and 4D printing of MXene composites
6.1. 3D printing of Mxene composites

The basic idea of 3D printing involves a step-by-step method that involves creating a 3D model, pre-processing to prepare for
printing, filling the material, starting the printing process, and finishing [601,602]. First, a 3D model of the target object is created
using modelling software or 3D scanning. Then, the model is prepared for printing by slicing into layers and creating printer in-
structions in order to convert it into a format that can be read by a 3D printer [603]. The preferred material can be broad ranging,
including ceramics and metals to food and plastics, is then fed into the 3D printer. The printer begins printing by depositing material
layer-by-layer in accordance with the pre-generated instructions. Post-processing may be necessary after printing involving removing
support structures or finishing operations such as surface enhancement through sanding, painting, or polishing [7].

3D printing technologies fall into three groups: (1) liquid-based methods (like stereolithography), (2) solid-based methods (like
fused deposition modelling), and (3) powder-based methods (like selective laser sintering) [425]. When it comes to applications like
energy storage systems, material selection is crucial in the 3D printing process. As shown in Fig. 18, metals, polymers, composites,
ceramics, and new smart materials such as MXenes are widely used. MXenes are recognized for their unusual features, which include
electric conductivity, increased surface area, and diversified surface chemistry. MXene adaptability extends to a wide range of ap-
plications, including transparent conductors, catalysts, fillers in composites, and nanoscale superconductivity as presented in Fig. 18.
[27].

In the realm of energy storage, 3D printing has revolutionized electrode assembly in supercapacitors and batteries. The distinct
advantages include the rapid and repetitive production of multiple components using a single 3D printing machine [605]. Moreover,
the ability to modify printed ink and pre-programmed printing allows for adjustments in shape and microstructure, enhancing overall
electrochemical performance. The precise manipulation of microstructure, energy and power density, and areal load is achievable
through 3D printing technologies [606].

Notably, direct ink writing (DIW) and inkjet printing (IJP) are commonly employed 3D printing processes for energy storage,
utilizing ink-like materials dispersed with electrode-active chemicals in a solvent. Specialized materials engineering and process fusion
may be required for the adaptation of other 3D printing techniques in energy storage applications [604].

The adoption of commercial conductive poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) ink has led to
various applications due to its tunable electrical properties, structural stability, redox activity, and biocompatibility. Notably, 3D
printing has been employed to create electrodes and current collectors for micro-supercapacitors, particularly on flexible substrates
[607]. Researchers often incorporate MXenes into PEDOT:PSS inks to enhance printability while regulating interconnectivity between
printed layers, making MXenes the most frequently investigated material for supercapacitor fabrication via direct ink writing (DIW)
[608]. In addition to efficient ion and electron transport, MXene nanosheets induce a hierarchical porous structure within PEDOT
domains. An eco-friendly gel ink was developed by combining aqueous PEDOT:PSS, an appropriate amount of ethylene glycol, and
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Fig. 18. Multiscale buildings created in 3D and frozen-dried. a,b) SEM and optical photos (inset) of the hollow rectangular prism and freestanding
TizCyoTx microlattice produced through 330 and 250 ym nozzles, respectively. c,d) The cross-sectional SEM pictures of one filament inside the
microlattice in demonstrate how the freeze-drying process preserves shape and creates porous interior structures. e,f) Three-dimensional printed
interdigitated patterns with finger thicknesses and gaps of 640 and 210 um (e) and 350 and 100 pm (f) in Ti3C,Ty are shown in optical microscope
Eictures and optical photos (inset). Reprinted with the permission of Ref. [604].

MXene nanosheet catalysts. During the printing process, freeze-drying was employed to verify the structural integrity. Leveraging DIW,
the number of fabrication layers could be precisely controlled, allowing management of the as-fabricated electrode capacitance. This
approach not only reduces manufacturing time and costs but also minimizes material waste. 3D printing of micro-supercapacitors
yields substantial areal capacitances, rapid charge-discharge behavior, and stable cycling performance. Using aqueous-based inks,
these capacitances remain consistent across varying thicknesses, even at low temperatures and under unusual conditions. Additionally,
direct ink writing (DIW) additive manufacturing enhances fuel cell electrode design, creating intricate architectures with superior
properties compared to batteries and supercapacitors. DIW offers several advantages: it excels at constructing complex structures that
are challenging to make conventionally, making it ideal for customized medical implants and intricate lattices. Furthermore, DIW
works with polymers, ceramics, metals, and composites, enabling multi-material integration. Its high resolution allows for micron-
sized features, and it minimizes material waste by depositing material only where needed. Despite challenges like speed, post-
processing, and costs, ongoing research in diverse fields leverages DIW’s potential for efficiency and innovation. Advances in mate-
rials and processes can unlock transformative possibilities across industries [609].

Several reviews on MXene based composites for 3D printing applications are published recently. For example, Polychronopoulos
et al. [610] focuses on DIW technique and explains 3D printed electrodes and ink design aspects. Huang et al. [611] elucidates the
microeletrode design and integration of MXenes into MSCs utilizing both supported and free-standing architectures. Matias et al.[609]
details TizsC2Tx MXenes into smart 3D printed structures for sensors, biosensors, electromagnetic shielding, and environmental
remediation by employing contemporary advancements in Al and connectivity features. Salas et al.[27] concentrated around the
development of polymeric/MXenes composites for printable electronics using photocurable resins with Ti3C,T, MXenes using Digital
Light Processing technology to obtain complex 3D composite structures.

3D-printed MXene electrodes show significant potential for the creation of future-oriented electrochemical devices, since they
provide better performance, customisation, and design freedom. To this purpose, it is critical to enhance the 3D printing capability of
MXene ink and solve the restacking phenomena of MXene nanosheets. A hybrid ink composed of cellulose nanofibres (CNFs), MXene,
along with multiwalled carbon nanotubes (MWCNTs) is created by Zhou et al.[612] and printed into high-fidelity, customised,

(a)
3D-printed e*-skin Customizable inks
—_G'
&
Shear-thinning
Viscoelasticity
Shear strain
Moving .~ Printed filament
direction ate
— G i
1 nm harvesting Semi-solid extrusion
- — mose Ovecton
b writing
pm Micro- & phase
SUPOICAPAGITOC elimination
b -
ot Printed filament 30 architectures

Interconnect ("N'ODN ) Semi-solid extrusion
VY, | | R e I
Microchannel [~ Substrate | = =

\ ‘/

(c) (d)
E>-skin Alcohol Micro- I Al-powered e’-skin enabled health surveilance
Glucose x suporcapaator Training
/ \ data
. Testing
~d
/ ; .' I : data
Pressure - /
o S~ S
Sweat stmulation / - Erskin Heaith
oloctrodes Temperature — Al mox surveillance

Fig. 19. (a) Schematic depiction of SSE-based three-dimensional printing of the wearable e3-skin, including multisensory sensing and power
management. (b) Schematic example of SSE printing techniques for creating 2D and 3D structures. (c) A schematic representation of the 3D-printed
e3-skin. (d) and a fully functional wireless e3-skin apparatus (e) worn by a human subject. Scale bars measure 1 cm. (f) Machine learning-powered
multifunctional e3-skin for personalised health monitoring. Reprinted with the permission of Ref. [614].
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freestanding electrodes utilising controlled direct-ink-writing technology. The addition of waterproof CNFs and extremely conductive
MWCNTs additionally improved the rheology characteristics of MXene ink, but it also bridged the horizontally orientated MXene
nanosheets, leading to a more integrated internal structure and improved inter layering separation of MXene. As a result, the 3D-
printed elastic electrode had consistent conductivity, increased surface area accessibility, better wettability, and superior electro-
chemical performance. In situ radical polymerisation was also used to create a hydrogel electrolyte of cellulose nanofibre/poly-
acrylamide (CNF/PAM). A flexible interdigitated supercapacitor with an elevated energy density of 21.7 pW h cm ™2 at 0.3 mW cm 2
was reported. This was achieved by overlaying the CNF/PAM hydrogel electrolyte upon two 3D printed electrodes. The findings of this
study give important insights into developing MXene-based inks for 3D printing forthcoming super capacitors that are flexible.

Peng et al.[613] added high-viscosity aramid nanofibres (ANFs) to improve the rheology of MXene inks with low concentrations.
MXene and ANF’s abundant linked networking and hydrogen bonds enhanced viscosity and yield stress by up to 103 Pa-s and 200 Pa,
correspondingly. This optimisation enabled the use of low-concentration MXene/ANF (MA) inks in direct ink writing as well as other
high-viscosity processing methods. The printable MXene/ANF inks, which had a high conductivity of 883.5 S/cm, were utilised to print
shields with customised structures, resulting in an adjustable electromagnetic radiation shielding effectiveness of 0.2-48.2 dB.
Moreover, the MA inks have changeable infrared (IR) emissivity when the ANF ratio was changed in conjunction with the printing
design, suggesting the potential for infrared anticounterfeiting. Particularly, created MXene/ANF objects had exceptional mechanical
flexibility along with durability in the environment, which were due to the additional reinforcement and safeguarding properties of
ANF. These discoveries have major practical consequences since adaptable MXene/ANF inks may be utilised to produce flexible
printed electronics in a customisable, scalable, and cost-effective manner.

As shown in Fig. 19, Song et al.[614] found 3D-printed epifluidic digital skin for multimodal health surveillance using machine
learning. Wearable technology combined with physiochemical sensors promise to develop strong interpretative and predicting plat-
forms for immediate health monitoring. However, the development of such multimodal gadgets is challenging to completely imple-
ment using typical manufacturing procedures for at-home personalised applications. Song offered a universal semisolid extrusion-
based three-dimensional printing method that fabricates an epifluidic elastic electrical skin (e3-skin) with excellent performance
multifunctional physiochemical sensing abilities. He showed that the e3-skin may be used as a long-term surveillance platform to
collect individuals’ physiological states in real time while they are performing normal daily activities. It was further demonstrated that
by combining information gathered through e3-skin using machine learning, an individual’s level of behaviour impairments (i.e.,
response time and inhibition control) following alcohol use could be anticipated. The e3-skin sets the way for future autonomous
production of customisable wearable devices, which will be widely used for frequent monitoring of health and medical purposes.

Hussain et al. [404] studied foldable 2D MXenes for multifunctional future-oriented energy storage. The advent of portable
electronics has created several opportunities for academics to customise the growing demand for future electronics. MXenes, a class of
two-dimensional in nature (2D) transition-metal carbides and nitrides, have exceptional flexibility and other desirable features,
making them ideal for wearable electronics. This study focused on the synthesis of MXenes for flexible and wearable applications, using
techniques like wet-spinning, electrospinning, 3D printing, bi-scrolling, and coating. Furthermore, the paper wentt over the consid-
erable advances and accomplishments obtained in adaptive and wearing MXene-based supercapacitors. It also discussed the problems
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Fig. 20. Schematic representation of Mxene and 3D printing on wearable electronics.
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Table 8
Different applications of 3D printed MXene composites
Application Materials 3D printing Ref. Research Findings
area technology
Sensors Mxene, Poly vinylalchohol Binder Jetting Li et al. The sample exhibited conductive behaviour on the order of mS m,
[615] indicating the possibility of strain monitoring and storing energy.
Mxene, Polyurathane Digital light Li et al. The produced MXene-PAR compound, which had 0.1% w/w fillers, has
processing [616] tensile strength and elongation at break of 23.3 MPa and 404.3%,

respectively, which was a 100.8% and 37.8% improvement over the
control. The stretchy sensors demonstrated long-term operational

stability.
Nitrogen-doped porous MXene,  Electrospinning Tao et al. The linked mesh architecture enabled the electrolyte to permeate the
melamine-formaldehyde, [617] porous network and thoroughly saturate the material surface, thus

reducing the ion transport channels.Uniform nitrogen doping improved
pseudocapacitive performance, providing good electrochemical
performance and long-term durability. It achieved an energy density of
12.78 Wh kg~ ! at a power density of 12.78 Wh kg ! at a power density of
1080 W kg, with cycling stability reaching 5000 cycles.

Energy TizCy, Zn** Direct Ink Writing ~ Fanetal. By combining the electrical double-layer capacitive behaviour of Zn?*

Storage [618] with the pseudocapacitive behaviour of H', the resulting 3D-printed

(3DP) MXene cathode created a dual-ion storage mechanism that can be
systematically investigated using a broad range of in situ/ex situ
electroanalytic characterisations. As a result, the 3DP MXene cathode
outperformed the most advanced ZICs with a favourable areal
capacitance with 1006.4 mF cm™ at 0.38 mA cm™2 and good rate
capability (184.4 F g at 10 A g™!). More astonishingly, ZIC complete
cells with a 3DP Zn anode and a 3DP MXene cathode offered an ultralong
lifespan (86.5% retention of capacity over 6000 cycles at 10 mA cm™2)
combined with a competitive energy/power ratio of 0.10 mWh cm™2/

5.90 mW cm ™2
Cellulose nano fibres, MXene, Direct-ink-writing Zhou The 3D-printed flexible electrode displayed stable conductivity, better
CNT, Polyacryloamide etal. wettability, increased surface area accessibility, and superior
[612] electrochemical performance. At 0.3 mW em~? it provided an elevated

energy density of 21.7 pW h cm ™2

and potential opportunities for MXenes as wearable devices that store energy. The integration and growth of MXenes-based energy
storage devices into various wearable gadgets (Fig. 20) offer great potential for the future of the electronic industry.

As a result of their metallic-like conductivity, negative zeta potential, the presence of polar surface functional groups, and their
tunable electronic properties, MXenes have attracted considerable attention. Table 8 presents the various applications of 3D printed
MXene composites. The electrode materials used in the fabrication of wearable devices must be hydrophilic in nature to be efficient.
Since MXene exhibits a high degree of hydrophilicity due to the presence of -OH and -O surface terminations, it is suitable for use as a
supercapacitor electrode on fibrefibrefibre surfaces. Several strategies have been employed in the development of MXene-based SC
electrode materials. Further, 3D printing is being used to fabricate MXene fabrics for use in wearable devices. Compared to existing
active materials used in conventional printing, the fabricated MXene micro supercapacitors (MSCs) have significantly higher volu-
metric capacitance and energy density. It is evident from this that MXene ink offers excellent potential for various applications. There is
a significant challenge in minimizing the size and maximizing ion transport in electrodes while maintaining a high level of efficiency.
However, there is evidence that high-concentration MXene ink, capable of extrusion printing, may be useful in fabricating electro-
chemical devices with a wide range of electrode thicknesses and structures. By doing so, compact electronic devices can be developed
with efficient ion transport within the electrodes. Using 3D printing technology, wearable smart devices can be assembled easily. In
their study, Cao et al. [619] used TEMPO(2,2,6,6-tetramethylpiperidine-1-oxylradical)-mediated oxidized CNFs and MXene hybrid
inks for 3D direct-to-write printing to assemble wearable textiles and fibres. Ethanol was effective in solidifying hybrid inks with good
rheological properties. Smart fibres and textiles are in comparison to traditional fibres that have a single purpose and are highly
responsive to a variety of witha single purpose and are highly responsive to various external stimuli, including photothermal, elec-
trothermal, and electromechanical stimuli. The material [572] is a 2D Ti3CyT (the most studied MXene material) with ideal visco-
elastic properties and is suitable for extrusion-based 3D printing of freestanding, high-specific surface area architectures.

Another significant benefit of MXenes beyond other functional substances is their ability to produce aqueous or organic inks
without additional additives. Consequently, researchers tried to print MXenes employing DIW [620]. Zhang et al. [621] used this
characteristic to create 2D titanium carbide (Ti3CyTx) MXene inks in both aqueous and organic solvents. They could directly draw
conductive tracks, micro-supercapacitors, and ohmic resistors onto paper substrates. MXenes’ strong electrical conductivity and also
pseudocapacitive behaviour, along with DIW’s spatial homogeneity and excellent printing precision, resulted in orders of magnitude
improvements in volumetric capacitance along with energy density. Nevertheless, the conductive properties of 3D-printed MXene
frameworks are greatly dependent on the orientation of the MXene flakes [620]. Orangi et al. [622] demonstrated that the alignment of
MXene flakes in printed Ti3CyTx structures may be adjusted by varying the printing conditions and DIW ink properties. This might be
another option for enhancing the electrical characteristics of DIW-fabricated MXene devices. Yang et al. [604] demonstrated that
MXene platelets having a high aspect ratio enhanced viscosity at extremely low concentrations, making the ink more printable. They
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developed viscoelastic inks using 2D Ti3CyTx with a large lateral size (about 8 pm). The 3D printing procedure, along with the post-
printing freeze-drying approach, resulted in the assembling of 2D flakes to create a porous architecture inside the filaments, preventing
the flakes from restacking normally. As an outcome, the overall area of printed structures increased dramatically as compared to
traditional procedures (such as casting or vacuum filtering). Printable energy storage devices that had enormous specific areas
exhibited remarkable efficiency, combining significant capacitance along with energy density. This study demonstrated that DIW using
MXene inks may be used to the production of powerful functional and structural components in a variety of sectors. In another work,
Yu et al. [623] created folded nitrogen-doped MXene nanosheets using the melamine-formaldehyde templating approach to solve the
difficulty of restacking 2D sheets, which normally reduces the electrochemical properties of the devices. In this method, they not just
stopped MXene nanosheets from stacking, they additionally doped nitrogen throughout MXene frameworks, resulting in excellent
device performance.

MXenes, a family of two-dimensional transition metal carbides and nitrides, have garnered significant attention due to their
remarkable properties. One critical advantage of MXenes is their ability to form aqueous and organic inks without requiring additional
additives. Researchers have harnessed this property to explore direct ink writing techniques for MXene-based devices.

1. Conductive Tracks and Micro-Supercapacitors:

e Zhang et al. [621] formulated 2D titanium carbide (Ti3C2Tx) MXene inks using both aqueous and organic solvents. They achieved
direct writing of conductive tracks, micro-supercapacitors, and ohmic resistors on paper substrates. The combination of MXenes’
high electrical conductivity and pseudocapacitive behavior with the spatial uniformity and high printing resolution of DIW led to
substantial improvements in volumetric capacitance and energy density.

2. Controlling MXene Flakes Orientation:

e The conductivity of 3D printed MXene structures significantly depends on the orientation of MXene flakes. Orangi et al. [622]
demonstrated that adjusting printing parameters and ink characteristics in DIW can control the orientation of MXene flakes within
printed Ti3CyTy structures. This approach offers a promising route to enhance the electrical properties of DIW-fabricated MXene
devices.

3. Viscoelastic Inks and Surface Area Enhancement:

e Yang et al. [604] developed viscoelastic inks of 2D Ti3CyTx with large lateral sizes (approximately 8 um). By employing a 3D
printing process followed by freeze-drying, they prevented the restacking of MXene flakes. As a result, the surface area of printed
structures significantly improved compared to conventional techniques like casting or vacuum filtration. These high-specific-area
structures exhibited excellent performance in terms of capacitance and energy density.

4. Nitrogen-Doped MXene Nanosheets:
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Fig. 21. The 4D printing process of MXene SMPC filament involved: (a, b) filament extrusion, (c) the extruded filament, (d) 4D printing of the SMPC
filament, (e) a 0 wt% honeycomb printed structure, (f) the 0 wt% honeycomb printed structure programmed into a deformed flat state, (g) a 2 wt%
honeycomb printed structure, (h) the 2 wt% honeycomb printed structure programmed into a deformed flat state, and (i) 0 and 2 wt% 4D printed
auxetic structures. Reprinted with the permission of the Ref. [624]
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e Yuetal. [623] addressed the challenge of restacking in 2D MXene sheets by developing crumpled nitrogen-doped MXene (MXene-
N) nanosheets. Their melamine-formaldehyde templating method not only prevented restacking but also introduced nitrogen into
the MXene frameworks. This novel approach led to commendable electrochemical device performance.

5. Future Directions:

e While TigCyTy inks have been successfully formulated for DIW, the broader MXene family comprises around 30 compounds. Re-
searchers anticipate that formulating viscoelastic inks for other MXenes could unlock a myriad of untapped applications. These may
include flexible electronics and supercapacitor-based energy storage devices.

In summary, DIW of MXene inks holds immense promise for advancing functional and structural materials across various in-
dustries. As research continues, we eagerly await further breakthroughs in MXene-based printing technologies and their real-world
applications.
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Fig. 22. Optical and morphological characterization of MXPLT conduits included analyses of: (A) the guide layer structure, (B) cross-layer structure,
and (C) the cross-sectional morphology when curled into a tube. (D) TEM imaging revealed the detailed nanostructure of Ti3C,Tx MXene, while (E)
EDS analysis confirmed its elemental composition. SEM imaging showcased the (F) cross-layer and (G) guide layer structures of the MXPLT, and (H)
EDS analysis of the MXPLT provided insights into its elemental distribution. Reprinted with the permission of the Ref. [625]
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6.2. 4D printing of Mxene based composites

6.2.1. Shape-Memory and Programmable Actuation in MXene Composites

The incorporation of MXenes into 4D-printed matrices addresses challenges in conventional shape-memory materials, such as
limited electrical or thermal response efficiency. MXenes, with their metallic conductivity (e.g., Ti3Cy has conductivity as high as
~8000 S/cm), serve as pathways for heat and electricity, thereby enhancing the actuation response of polymer matrices. Studies have
demonstrated that MXene-polymer composites exhibit higher actuation forces and shorter response times than their polymer-only
counterparts. This makes them ideal for deployable aerospace systems, programmable biomedical implants, and reconfigurable
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Fig. 23. Characterization of MXPLT NGCs involved analyses of: (A) dynamic shape recovery at 37 °C, (B) stretching behavior, and (C) morpho-
logical changes of a 4D-printed five-pointed star. (D) Differential scanning calorimetry (DSC) curves showed distinct thermal transitions for PLATMC
fibrous mats. (E) Water contact angle tests demonstrated improved hydrophilicity for MXPLT. Electrical performance was assessed through (F) LED
illumination under bending, (G) voltage tests, (H) resistance tests, (I) resistivity tests, and (J) electrical conductivity measurements, all showing
significant enhancements for MXPLT compared to PLATMC. Mechanical evaluations included (K) tensile stress-strain curves, (L) images from tensile

testing, and (M) compressive stress-strain analysis, confirming MXPLT’s superior mechanical strength (p < 0.01). Reprinted with the permission of
the Ref. [625]
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electronics. For instance, McLellan et al. [624] was fabricated shape memory polymer composites (SMPC) composed of a TPU:PLA
polymer blend with embedded MXene (Ti3Cy) flakes as shown in Fig. 21. The addition of 0.5 wt% MXene significantly improved the
mechanical, thermal, and morphological properties, while a 2 wt% MXene loading enhanced the shape memory effect, enabling a fast
recovery of approximately 98% of the original shape in under 14 seconds. Rheological and thermal properties were assessed, and 3D
printing with material extrusion demonstrated the composites’ potential for rapid shape memory actuation in 3D/4D printed struc-
tures, showcasing their suitability for large deformations in deployable designs.

6.2.2. Enhanced Functionalization Through Dynamic Property Tuning

4D printing enables the spatial control of MXene distribution within polymer matrices, which is vital for anisotropic property
tuning. For example, MXenes can be aligned during the printing process using magnetic or electric fields, resulting in composites with
directional electrical conductivity or mechanical stiffness. This ability to create gradient structures allows the production of multi-
functional devices such as sensors that simultaneously exhibit high sensitivity and structural integrity. Moreover, this tunability
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Fig. 24. (a) Images of Ti3C,Ty hydrogels that were self-assembled and had varying MXene levels. (b) Viscosity for Nb,CTy, TizCaTy, and MooTiaCsTy
inks as a function of shear rate. (¢) For NbyCTy, Ti3CoTy, and Mo,TiaCsTy inks, the storage modulus (G') and loss modulus (G") as a function of the
shear stress are shown. (d) The G’ to G’ ratio’s frequency dependency for NboCTy, TizC,Tx, and Mo,TinC3Ty inks. Images of 4D-printed MXene
hydrogel architectures (from left to right): flexible Mo,Ti»C3Tx hydrogel MSC units on PET film, Nb,CTy hydrogel Chinese knot on cloth, TizC,Ty
hydrogel rectangular hollow prism on glass slide, and Nb,CTy hydrogel “CRANN" logo on PET film. In (e) each scale bar represents one centimetre.
(f) NboCTy hydrogel SEM and energy-dispersive X-ray spectroscopy (EDX) mapping pictures. (g) SEM and Ti3C,Ty hydrogel EDX mapping pictures.
(h) SEM and EDX mapping pictures of the hydrogel Mo,Ti>C3T. In f~h EDX mapping photos, all scale bars are 20 ym, and in (f~h) SEM images, all
scale bars are 5 pm. (i) I-V curves of 10 x 2 x 2 mm hydrogels of NboCTy, Ti3CoTy, and MosTioCsTy. (j) Raman spectra of 4D-printed TizCoTy
hydrogel and pure PEDOT:PSS sheet. High resolution 4D-printed TizC,Ty hydrogel and filtered TizCxTy film. (k) Ti 2p and 1 C 1s XPS spectra. All
binding energies were calibrated at 284.8 eV, which is the peak of C 1s. Reprinted with the permission of Ref. [32].
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supports applications in energy storage, where graded structures optimize ion transport pathways in supercapacitors or batteries.

6.2.3. Improved Fabrication of Complex Architectures

The layer-by-layer precision of 4D printing facilitates the fabrication of MXene-containing materials with intricate architectures,
such as interdigitated electrodes or hierarchical porous structures. These geometries are particularly advantageous in applications like
microfluidic systems or piezoresistive sensors. For instance, the combination of MXene’s high intercalation capacity with 4D-printed
hierarchical porosity improves the performance of stimuli-responsive flow control devices, achieving higher adaptability to dynamic
operational environments.

6.2.4. Synergistic Advancements in Stimuli-Responsive Properties

MXenes are known for their ability to form hydrogen bonds or electrostatic interactions with polymers, which enhances the sta-
bility and responsiveness of the composite to external triggers. For example, MXene-polymer hydrogels used in 4D printing exhibit
faster water desorption rates under thermal stimuli due to the high thermal diffusivity of MXenes. These properties enable the design of
moisture-responsive actuators and smart textiles with superior performance compared to traditional materials. A novel strategy was
integrated by Wang et al. [625] using 4D printing technology with poly(L-lactide-co-trimethylene carbonate) (PLATMC) and Ti3CyTx
MXene nanosheets to impart shape-memory properties to nerve guidance conduits (NGCs) (Fig. 22). When activated at body tem-
perature, the printed sheet-like structure rapidly self-rolled into a conduit-like form, allowing for optimal wrapping around nerve
stumps. This design improved nerve fixation and streamlined surgical procedures. Additionally, microchannels precisely fabricated via
4D printing, combined with the conductive properties of MXene nanosheets, introduced electrical conductivity. The Mxene-PLATMC
(MXPLT) scaffolds were fabricated using 4D printing technology, with MXPLT ink deposited into cuboid structures featuring a
microchannel inner layer for nerve cell growth and a robust outer layer for mechanical stability (Fig. 23). Shape-memory properties of
the PLATMC material allowed the scaffolds to be temporarily flattened and then self-curled at 37°C, forming nerve conduits with
precise diameters to repair sciatic nerves. Recovery tests, including complex deformations like a five-pointed star, demonstrated the
scaffolds’ excellent 4D printing performance and self-curling capabilities, enabling effective surgical implantation and nerve regen-
eration. This feature guided and directed nerve cell migration, significantly accelerating peripheral nerve injury (PNI) healing.
Leveraging these advancements, the developed NGCs showed exceptional potential in promoting nerve regeneration, achieving
notable improvements in muscle morphology and restored sciatic nerve function, comparable to results observed with autologous
nerve transplantation.

6.2.5. Applications in Intelligent Systems and Energy Storage

The combination of MXenes’ high conductivity, environmental stability, and large intercalation capacity with the programmable
nature of 4D printing makes it possible to engineer materials for next-generation devices. These include shape-recoverable electrodes
in flexible electronics, reconfigurable EMI shielding structures, and self-regulating drug delivery systems. For example, 4D-printed
MXene-based films with tunable optical or electrical properties have shown potential for smart windows or adaptive sensors. A
universal 4D printing technology was developed by Li et al. [32] to fabricate MXene hydrogels with customizable geometries,
applicable to various MXenes such as NbyCTy, TigCyTy, and MosTiaC3Ty as shown in Fig. 24 A black dispersion of MXene (NbyCTy,
TigCyTx, or Mo, Ti2C3Ty), PEDOT:PSS, and additives was centrifuged to form solid-like inks with a concentration of ~50 mg/mL, which
were then 3D-printed into various structures. After printing, the MXene sols were heated at 90°C to form hydrogels, which were treated
with HySO4 to enhance their mechanical strength, followed by washing to remove impurities, resulting in MXene hydrogels with 80 wt.
% MXenes and ~4.2 wt.% solid content. The hydrogels exhibited 3D porous structures, high electrical conductivity, and strong me-
chanical properties, achieving ultrahigh capacitance and impressive energy/power densities, along with excellent low-temperature
tolerance and rate capabilities that outperform most existing devices.

7. Applications
7.1. Sensors and Biomedical applications

Because of their unique qualities and adaptability, MXenes composites have become attractive options for sensing applications.
These materials are appropriate for detecting a range of analytes due to their large surface area, variable surface chemistry, and su-
perior electrical conductivity. MXenes composites have exceptional sensitivity and selectivity towards gases, including ammonia
[626], nitrogen dioxide [627], and volatile organic compounds (VOCs) [628], which is one field of sensor research. For example, to
create an Ohmic contact and Schottky heterojunction in a single gas sensing channel, a completely flexible paper-based gas sensor
combined with the Ti3CyTy-MXene nonmetallic electrode and the TizC,Tx/WS; gas sensing film was created by Quan et al.[627] for the
first time. Outstanding Ti3CyTx and WS, nanoflakes physical and chemical characteristics include excellent conductivity, efficient
charge transfer, and many active sites for gas sensing in Ti3CoTx/ WSz nanoflakes. With compared to the Au interdigital electrode
combined with the Ti3CyTyx/ WSs sensor (4.8%) and the MXene electrode integrated with the Ti3CoTy sensor (0.2%), respectively, the
gas sensor’s reaction to NO; (1 ppm) at room temperature is 15.2%, which is about 3.2 and 76.0 times higher. According to the results
of first-principles density functional theory calculations, the suppression of metal-induced gap states, work function matching, and
heterojunction control effect were primarily responsible for the increase in gas sensing performance. This study offered a novel method
for building flexible gas sensors using gas sensing materials and conductive electrodes based on MXene on paper. MXene composites’
high surface-to-volume ratio promotes effective gas adsorption and interaction, which improved sensor performance [629]. The type
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of interaction between NH3 molecules adsorbed on MXene layers has been studied by Banu et al.[630]. Density functional theory was
used to evaluate the NH3 adsorption energies on the surface of MXenes (M2C, M = Cr and Fe) and related oxygen-functionalized forms
(O-MXenes or M2CO5). The on-top sites were initiated for NH3 adsorption on M3C and M3COs, according to DFT-Dy4 simulations. The
Eqaq for the CryCO5 reaction was —0.29 eV less than that of CryC. FeC and its O-terminated MXene likewise exhibited this trend. This
implied that the molecule would adsorb more forcefully on Cr2C than on its surface, which is O-terminated. According to Bader charge
analysis, the electron density distribution between the negatively charged N of NH3 and the positively charged Cr/Fe surface would be
crucial to the adsorption process regarding the induced net charges on M,C MXenes. Additionally, DOS simulations showed that
MXenes’ magnetic properties and electrical conducting behavior made them appropriate for gas sensor applications.

MXenes composites also show great promise in biosensors, where their exceptional biocompatibility and ability to be customized
for detecting certain biomolecules are valuable features as shown in Fig. 21 [631]. MXene surfaces can be functionalized with bio-
molecules or nanoparticles to create biosensors for uses in food safety, environmental monitoring, and disease diagnosis [632].
MXenes composites, which offer quick reaction times, high sensitivity, and low detection limits for a range of biomarkers, have
demonstrated tremendous promise in electrochemical biosensors [633].

Additionally, the use of MXenes composites in environmental sensing is being investigated; in particular, their potential for
identifying pollutants [634], heavy metals [635], and other contaminants in soil [636] and water [637] is being investigated. Sensors
with increased affinity for certain target analytes may be created by altering the surface chemistry of MXene composites, allowing for
precise and dependable detection even at trace quantities. These sensors have a great deal of potential for monitoring the environment
and helping with cleanup projects, which will support resource conservation and sustainability. Hilal et al. [638] aimed to improve the
electrical characteristics, environmental stability, and gas-sensing capability of TizCoTx MXene flakes by precisely controlling their
thickness and termination. A hybrid approach combining immiscible solutions, high-pressure processing, and stirring was used to
produce MXene flake thicknesses inside the MXene layer on the Si-wafer that are less than 100 nm. Defunctionalizing MXene at 650 °C
while under vacuum and H; gas in a chemical vapour deposition (CVD) furnace is the first step towards achieving functionalization
control. Iodine and bromine vaporisation from a bubbler connected to the CVD is then used to refunctionalize the material. Signifi-
cantly, the addition of iodine significantly changed MXene due to its bigger atomic size, decreased electronegativity, decreased
shielding effect, and decreased hydrophilicity (contact angle: 99°). It enhances the film conductivity (749 S m™1), surface area (36.2
em? g1, and oxidation stability in aqueous/ambient conditions (21 days/80 days). Furthermore, it greatly improved the gas-sensing
capability in terms of response times (90,100 s), sensitivity (0.1119 Q ppm 1), and responsiveness (0.2% and 23% to 50 ppb and 200
ppm NOy). I-MXene’s selectivity towards NOy was improved by the metallic properties of MXene and the reduced shielding effect of the
—I-terminals. This strategy opens the door for the creation of stable, highly effective gas-sensing two-dimensional materials with bright
future research opportunities. Moreover, Majhi et al.[639] suggested using VoCTx MXene-derived, urchin-like VoOs hybrid compounds
(V2C/V205 MXene) to create a chemiresistive gas sensor for room temperature gas sensing applications. When used as the sensing
material for acetone identification at room temperature, the as-prepared sensor demonstrated excellent performance. In addition, the
V2C/V205 MXene-based sensor responded to 15 ppm acetone more strongly (S% = 11.9%) than did the pristine multilayer VoCTx
MXenes (S% = 4.6%). The composite sensor also showed outstanding long-term stability, short response-recovery time, good
repeatability with little amplitude variation, great selectivity among various interfering gases, and a low detection level at ppb levels
(250 ppb) at ambient temperature. The potential for H-bond formation in multilayer Vo,C MXenes, the synergistic impact of the
recently produced composite of urchin-like VoC/V20s5 MXene sensor, and strong charge carrier transport at the interface of V05 and
V2C MXene are all responsible for these increased sensing capabilities. Therefore, the unique combination of electrical, mechanical,
and chemical properties exhibited by MXenes composites makes them highly attractive for sensor applications across diverse fields.
Continued research and development in this area are expected to lead to the commercialization of MXene-based sensors for real-world
applications, addressing critical challenges in healthcare, environmental protection, and safety monitoring.

Biomedical MXenes and related composites have been used in a variety of biomedical applications, including biosensing [642],
bioimaging [24], therapeutic diagnostics [643], implants [644], and antibacterial medicines [645], due to their intriguing physico-
chemical features. MXenes, as unique nanomaterials, have sparked significant interest in biosensor development due to their excep-
tional structural qualities, good biocompatibility, and superior electrical properties [646]. The major performance characteristics of
high-performance receptors are high selectivity, a low limit of detection (LOD), high sensitivity, a fast reaction time, and a wide
linear range [647]. Of course, they should have a cheap manufacturing cost for commercial scale-up production.

MXene-based materials have prospective uses in biosensors and serve an important diagnostic function [648]. Imaging technology
is critical for early cancer diagnosis [649], accurate tumor location [650] and staging [651], cancer therapy guidance [652], and
cancer recurrence detection [653]. MXene nanosheets have outstanding physicochemical qualities, making them ideal for diagnostic
imaging. They may be used with a variety of imaging modalities, including X-ray computed tomography (CT) [595], magnetic
resonance imaging (MRI) [654], photoacoustic imaging [655], and fluorescence imaging [656]. Imaging approaches based on
innovative MXene-based reagents can help overcome some of the frequent issues and limitations associated with present reagents. For
example, compared to traditional imaging agents, 2D MXene-based reagents exhibit effects of quantum size for photoluminescence
(PL) cell imaging, which can improve intrinsic photothermal characteristics for PA imaging and elemental contrast for X-ray CT
imaging.

Due to their superior physicochemical features and unique structural characteristics, MXenes have been used in a variety of
biomedical applications. In addition to biosensor and diagnostic applications, different kinds of MXenes and their composites have
been created for therapeutic applications [657], including drug delivery systems [22], conventional photothermal therapy (PTT)
[658], photodynamic therapy (PDT) [659], immunotherapy [660], and synergistic combinations of multiple technologies for
treatment.
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Because of their unique structure, MXenes may be used to create gene/drug delivery systems that allow for more focused drug
delivery, reduced drug toxicities [661], and improved drug pharmacokinetics [22]. MXene materials’ nanoscale size allows for
effective intravenous administration to the sick location and accumulation during therapy. Furthermore, the two-dimensional planar
topology gives MXenes their typical enormous specific surface area, giving numerous places for medicinal compounds to attach on the
surface of the laminar structure. Cancer is currently a serious illness that endangers human health and kills millions of people
throughout the world each year. MXene-based materials can efficiently assault cancer cells by controlled drug release and enhanced
cellular absorption of the payload [662].

Cancer, one of the deadliest illnesses to human health, is treated primarily with surgery, chemotherapy, and radiation therapy
[663]. However, surgery alone seldom removes all malignant tissues, while radiation kills cancer cells while being more damaging to
normal tissues and cells. In recent years, new photothermal therapy (PTT) has received a lot of attention for its outstanding efficacy in
cancer treatment [658]. A photothermal nanomaterial (PAT) is given to the cancer spot without causing damage to the healthy tissue
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Fig. 25. (A) Flow diagram showing how MXene-based glucose sensors are made. TizC,-HF/TBA-based glucose sensor (B) chronoamperometry and
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Fig. 26. (a) Effects of anti-PD-L1 immunotherapy combined with BG@NDbSiR-scaffold-based PTT against tumours. (i) Schematic of anti-PD-L1
combination treatment including BG@NbSiR-scaffold-based PTT to inhibit tumor growth at the remote orthotopic location. Following the sacri-
fice of the mice, tumor pictures, weight, and volume diagrams of (ii) the main and (iii) the distant tumours were obtained. (b) Long-term protective
effectiveness against tumor recurrence using anti-PD-L1 immunotherapy in conjunction with BG@NDbSiR scaffold-based PTT. (i) Schematic repre-
sentation of anti-PD-L1 combo treatment plus BG@NbSiR-scaffold-based PTT to prevent tumor recurrence (n = 5). Diagrams showing the tumor’s
(ii) images, (iii) volume, and (iv) weight following the sacrifice of the animals. Reproduced from Ref. [676].
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surrounding it [664]. Because tumor cells have poor heat resistance, the photothermal agent can convert near-infrared light into heat
energy at the tumor site, resulting in a series of hazards such as protein denaturation, cell lysis, and organelle damage, ultimately
killing cancer cells [665]. The ideal photothermal agent has good selectivity for the target tissue, a wide absorption cross section for
optical wavelengths, minimal toxicity, and simple functionalization. MXenes, such as TizCTx [658,666], NbaCTy [667], and TasC3Tx
[90] (Fig. 25), have emerged as new PTT reagents (Fig. 26) for deep tissues due to their high photothermal conversion efficiency and
strong absorption in the near-infrared wavelength range, and their use in vivo has been demonstrated. Zong et al. [668] has
demonstrated the surface engineering and functionalization of 2D Ti3C, MXene nanosheets using GAW10-based polyoxometalates
(POMs). The GAW10@Ti3C, composite nanosheets offer hyperthermal therapy with MR and CT imaging guidance for tumor cells or
xenografts. During the monitoring period, the tumor was successfully eliminated and did not return. GdW10 nanoclusters on TizCy
nanosheets act as a contrast agent for CT and MR imaging, offering potential for tumor hyperthermia nanotherapy diagnostics and
monitoring. GdAW10@Ti3Cy composite nanosheets were shown to be highly biocompatible in vivo, making them suitable for medicinal
applications (Fig. 27).

Photodynamic therapy (PDT) is a different highly intriguing light therapy for tumor treatment. Photosensitizers (PSs) play a sig-
nificant role in determining the efficacy of PDT [669]. PS can be administered systemically or locally and allowed to accumulate at the
tumor site. Then, in the presence of appropriate light wavelengths, photosensitizing molecules are activated to generate lethal reactive
oxygen species (ROSs) in the existence of endogenous molecular oxygen species, particularly singlet-state oxygen, resulting in cancer
cell death [670]. MXene nanosheets are good PDT photosensitizers due to their distinct electrical structure and optoelectronic
characteristics. Photosensitizer medicines have low toxicity until they are triggered by external light, hence PDT can considerably
minimize side effects and enhance target specificity compared to traditional cancer treatment methods such as radiation and
chemotherapy [671].

Immunotherapy, a revolutionary approach of treating tumors, develops a long-lasting anticancer response by strengthening or
stimulating the patient’s own immune system, allowing for specific tumor treatment, targeted cell death, and prevention of tumor
recurrence and metastasis [672]. MXene-based materials are progressively gaining traction in the realm of immunotherapy due to their
superior features, such as high specific surface area, biocompatibility, and tumor-targeting accumulation. The benefits of MXene-based
materials in the realm of immunotherapy have steadily emerged. For instance, Yan et al.[673], for the first time, reported the use of
Ti3C2Tx MXene nanosheets as aimmunotherapeutic strategy to prevent allograft vasculopathy, which interact with human endothelial
cells and reduce the expression of genes associated with alloantigen presentation, thus decreasing the activation of allogeneic lym-
phocytes. RNA-Seq analysis of lymphocytes revealed that MXene treatment suppressed the transcription of genes involved in
transplant-induced T-cell activation, cell-mediated rejection, and allograft vasculopathy. In an in vivo rat model, MXene treatment
minimized the lymphocyte infiltration into transplanted aortic allografts and preserved the structural integrity of medial smooth
muscle cells. Conclusions These results confirm that TigC,Tx MXene is a promising active candidate drug for treatment against allograft

a

e MnO_ITa‘C,SP
1 — Inpromide 300

%.,

2 4 6 8 10
Concentration (mg ml")

Before i.v. injection After i.v. injection Boforo i.v. injection After Lv. injection

El

Fig. 27. MnOy/Ta4C3T-SP composite nanosheet solution in (a) vitro CT images and (b) HU values of iopromide solution with different concen-
trations (concentration of Ta, I). (c) 3D reconstructed CT (left) and contrast (right) images of mice taken before and after a 2-h intravenous injection
of MnOx/Ta,4C3Tx-SP composite nanosheets (20 mg~kg.’1, 100 pL). (d) Prior to and following intravenous administration of MnOx/Ta4C3Tx-SP
composite nanosheets, CT comparison of the tumor tissues in vivo. Reprinted with the permission of Ref. [675].

55



V. Dananjaya et al. Progress in Materials Science 152 (2025) 101433

s Y 1
|
HF etching Sonicating |
— — = 104 |
oy i
~: § “@n T Mo %o 1e110e M\ll I
- =5 10000 | I
Ti;AIC, Ti,C,T, MXene 5 opM | :
04 d }
|
<00 1000 1500 000 |
Time / sec !
(B) .
|
|
/ g’ 1
I
|
|
|
1
¥+0.0042C-0.0064, R'~0.999) :
l |
1 1
- - - 1
: 0 100 200 300 00 )
1 AC / pM :
|
1 ©) I
! |
I Fo ST e L | o |
Bl T oammme T T e s e e e e o e e =
| |
I |
| 10004 |
| |
| |
| 1
I 5004 |
| |
| i [__-lT |
: 04 |
v v |
o (GO (GO yen®
: NV NN G
I I
: (E) :
|
|
| 3.0 1500+ 1500+ |
' l
1 —_
g < < |
| 520 110 oM g 10001 £310009 I
~ ~ - 1
5 o : -
1 g 1.0 = 5004 5 500+ |
13 3 o !
: 0.0 0 —r ey -—‘m vy i 0- r_:—‘ '—:—I '_:—l ’_:_‘ !
1 o 20 40 60 80 10" 10? 10° 10¢ Gli ATP OTA AFB1 BSA :
: Time (s) Concentration (pM) |
| ® ©) (H) |
St e s S et e e et e st et Bt i s s o e e g e o o o o 4

Fig. 28. (A) Schematic of electrode modification and TizC,Tyx synthesis. (B) Current response at varying H,S concentrations and (C) Calibration
curve. Reprinted from the permission of Ref. [682]. (D) The tetrahedral DNA nanostructures (TDN)/MXene gliotoxin electrochemical sensor
schematic diagram. (E) TDN/MXene sensor comparison with alternative sensor types. (F) Amperometric curves showing the concentrations at which
gliotoxin can be found. (G) Current vs gliotoxin concentration plot. (H) The gliotoxin sensor’s selectivity. Reprinted from the permission
of Ref. [683].

vasculopathy and other inflammation-related diseases. However, it is typically difficult to get adequate outcomes by immunotherapy
alone, thus a combination of immunotherapy with standard non-immunotherapy treatment methods (e.g., chemotherapy, photo-
thermal therapy, and photodynamic therapy) is frequently used [674]. In 2017, Liu et al. [274] created a therapeutic nanoplatform for
collaborative PTT/PDT/chemotherapy based on the benefits of Ti3CyTy nanosheets, including tumor-specific accumulation,
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Fig. 29. (a) Diagrammatic representation of the “hospital-on-a-chip” idea. (b) (i) Diagrammatic depiction of the transfer of bioelectric signals from
the electrode to the neuron or the other way around. (ii) A picture of a microneedle made of PLA. (iii) A picture showing the tiny needles up close.
(c) Images of electrodes for wearing microneedles. Excerpted with permission from Ref. [677]. (d) Schematic depicting the creation of an MXene
nanocomposite organohydrogel (MNOH) that is conductive, anti-freezing, and self-healing. (e) The self-healing experiment. (I) The self-healing
properties of the rhodamine-dyed MNOH (red) and the original MNOH (black). (II) Real-time resistance measurements to track the healable pro-
cess’ temporal progression for the conductive MNOH. (III) A circuit with a red LED indication and MNOH connected in series: the circuit’s (i)
original, (ii) fully bifurcated, (iii) self-healing, and (iv-vi) matching schematic designs. Reproduced from Ref. [678].

stimulated-responsive drug dissolution, and excellent biocompatibility, which was shown to have excellent tumor ablation effects in ex
vivo experiments and robotic designs (Fig. 28 and Fig. 29).

7.2. Energy Storage

Energy storage Ti2C, NboC, V2C, and ScoC are among the MXenes with low formula weights that have been discovered to have the
most promising theoretical gravimetric capacity, which measures the amount of charge that can be stored per gramme of material
[570]. It follows that MyX electrodes should have greater gravimetric capabilities than M3X, and M4X3 electrodes. It is plausible to
believe that ions only enter between the MXene sheets since the bonds between M and X are too strong to break readily. Every available
experimental data set supports this. Ti;C and Ti3Cy, for instance, have the same surface chemistry but differ in that the latter contains
one inactive TiC layer. As a result, TipC should have approximately 50% more gravimetric capacitance than Ti3Cy. Experiments
supported this: Ti,CT,’s gravimetric capacity for Li" absorption is approximately 1.5 times more than that of TizC,Ty, which was made
in the same manner [679]. It is essential to remember that the weight formula does not fully specify the capacity. For instance, VoCTy
has the greatest Li* capacity of all MXenes evaluated at comparable cycle rates (280 mAhg ™! at 1 C and 125 mAh g~ ! at 10 C) [680].
For example, Zhang et al. [681] presented the fabrication of a few-layer V,CTy/carbon nanotubes (CNTs) composite using tetrame-
thylammonium hydroxide (TMAOH) delamination and electrostatic flocculation of NHj ions. Few-layer V,CTy nanosheets with
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crimped structures can successfully prevent restacking while ensuring maximum utilization of active surface area. Furthermore, the
insertion of CNTs resulted in a developed electrical conductivity network, and CNTs provided structural support for the sheets, further
limiting their restacking and assuring their stable structure during the charge and discharge process even at high rates. This resulted in
the few-layer VoCTy/CNT having a high specific capacitance of 621 mAh/g after 100 cycles at 0.1 A/g and an amazing rate
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Fig. 30. (A) Schematic preparation for MIP/K"-Ti3C,T,/GCE. The DPV response curves (B), selectivity (D), stability (E), and standard curve of TCS
discovered (C) of Molecular imprinting techniques (MIT)-based electrochemical sensors (MIECS) Reprinted from the permission of Ref. [682]. (F)
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(GCE) sensor preparation plan. (I) The MXene/ERGO SEM pictures. (J) The MXene/ERGO/GCE sensor’s differential pulse voltammetry plots.
Reprinted from the permission of Ref. [684].
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performance of 290 mAh/g at 5 A/g. Moreover, the few-layer VoCTy/CNT electrode demonstrated exceptional cycling stability, with
82.1% capacitance retention after 2000 cycles at 5 A/g. This indicates that it has tremendous promise for lithium-ion battery
applications.

Furthermore, even though Nb atoms are heavier than Ti, NbyCTy has a greater gravimetric capacity (180 mAh g_1 compared to 110
mAh g™! of TiyCTy at 1C) than TipCTy at the same cycle rate [18]. This makes sense in part because of how complicated ion storage is.
Theoretical analysis has shown that one specific element that might impact performance is the surface terminations [18]. For instance,
oxygen terminations are thought to be the most advantageous, whereas fluorines and hydroxyls reduce capacity and obstruct Li-ion
transport [256]. The main characteristics of ion intercalation from organic electrolytes into MXenes have been demonstrated theo-
retically and verified empirically. For instance, strong technique is devised by Zhao et al. [256] for controlling the functional groups of
Nb,CTy MXene. The capacity of pristine Nb,CT,. MXene was considerably improved by Li" intercalation and surface modification. The
treated NbyCT, has a specific capacity of up to 448 mAh g~! at 0.05 A g~!, with a high reversible capacity retention rate of 75% after
2000 cycles at a current density of 2 A g~!. These values outperformed the majority of documented pure MXenes (including the most
researched TizCyTx (Fig. 30)) and carbon-based materials. It revealed that this technique has a significant impact on the electro-
chemical performance of pure MXene, and the results strengthened MXenes’ potential in the use of lithium-ion batteries.

Using in-situ X-ray absorption spectroscopy (XAS) to study the mechanism of Li-ion charge storage in Ti3CyTy, it was discovered
that during charge and discharge, the transition metal (that is, Ti) oxide state changes continuously up to 0.5 V vs. Li/Li" [685]. It’s
interesting to note that further potential reduction does not result in a shift in oxidation state. Instead, lithium atoms can reversibly
create an extra layer because of the 2D structure and conductivity of MXenes. This doubles the capacity boost, and it is anticipated that
other MXenes will also be able to use this process. Hybridising porous MXene flakes and optimizing the electrode design allowed for a
further rise in capacity. MXenes may hold different-sized ions in between My, ;X Tx 2D layers. This qualifies them for use with non-
lithium-ion batteries (NLiBs), for which there is currently a restricted range of electrode materials [686]. The capacity would double as
a result of the projected creation of an extra metal layer for Na* and other ions [687]. Furthermore, various MXenes can offer a variety
of working potentials due to their chemical and structural diversity as and their surface chemistry tunability. As a result, some of them
are appropriate as anodes and others as cathodes [688].

Theoretical investigations demonstrate low diffusion barriers for Li+ [655,656] and other ions [657,658] in MXenes. This is
consistent with the experimentally found very high-rate performance for several MXenes. Typically, MXene-based electrodes have
capacities between 50 and 200 mAh g~ at speeds higher than 10C or a 6-minute charging period. As a result, unlike supercapacitors,
the MXenes in metal-ion batteries do not exhibit a plateau zone in the galvanostatic charge-discharge patterns. Composite electrodes
based on mXene show especially great promise for high-rate, high-performance batteries. For instance, Li et al. [689] presented a
three-dimensional (3D) conducting nitrogen-doped carbon foam endorsed electrostatic self-assembled MXene-ammonium poly-
phosphate (NCF-MXene-APP) layer that serves as a heat-resistant, thermally insulated, flame-retardant, and freestanding host for Li-S
batteries using a simple and cost-effective synthesis method. The use of NCF-MXene-APP hosted that firmly anchor polysulfides results
in outstanding electrochemical properties for Li-S batteries, including a high beginning discharge capacity of 1191.6 mA h g™},
excellent rate capacity of 755.0 mA h g~! at 1 C, and long-term stability during cycling with an extremely low-capacity decay rate of
0.12% per cycle at 2 C. More crucially, these batteries can function successfully in high temperature or flame attack settings. As a
result, this work offers important insights into the design of safe, high-performance Li-S batteries. Moreover, the strong interaction of
polysulfide species with MXene functional groups led to significantly increased cyclability and stability when TiyCTy or TizCyTx were
employed as conductive sulfur hosts in Li-S batteries. Comparably, encasing Sn nanoparticles in layers of Ti3C,Ty leads to consistent
performance (Fig. 26) and an improved volumetric capacity that approaches 2000 mAh g~! [690]. Applying a hybridization strategy to
co-integration with MXenes might significantly enhance the cycle life and rate capability of other high-capacity electrode materials
that undergo a notable volume change during intercalation. According to this method, MXenes offer a conductive matrix that permits
particle expansion and contraction while preserving electrical and structural integrity. Also, Lithium-sulfur (Lisingle bond) batteries
have gained popularity because of their inexpensive cost and high energy density. However, the sluggish electrochemical response and
shuttle effect limit the practical viability of Lisingle bondS batteries. NMM (NiSp-MoS;@MXene) heterostructures with many defects
were effectively constructed by Zhu et al. [691] to give additional active sites for polysulfide catalysis and adsorption. The battery’s
electrochemical performance was excellent due to 20 wt% (NMM-20) conductive agent MXene being employed. After 800 cycles at
0.5C, the NMM-20 battery demonstrated good rate performance and a reversible capacity of 767.3 mAh g!. This study broadens the
scope of heterogeneous material preparation and sheds light on the ideal quantities of conductive agents to add to heterostructures.

7.3. Catalysis

Structural features of transition metal carbides (TMCs) in the context of catalysis reveal a drawback in their limited specific surface
area (SSA), as exemplified by TiC with an SSA of 4.7 m? g’1 [692]. However, Ti3CyTy, part of the MXene class, exhibits an impressive
SSA of 40.5 m? g~! [693]. Despite their potential, both MXenes and early TMC-based catalysts face challenges due to their high
oxophilicity, promoting oxide formation. Nonetheless, the surface functionalization of MXenes with oxygen proves less critical for
catalytic processes and can even enhance their catalytic activity [20]. MXenes are derived from layered ternary carbide precursors
known as MAX phases, combining an early transition metal, an element from groups 13 or 14, and carbon or nitrogen [694].

The focus then shifts to the promise of MXenes in catalysis, particularly their potential in CO5 activation [695]. Experimental
evidence indicates that Ti3Cy [696] and VoC [697] MXenes are promising sorbent materials for CO, capture [698,699]. A comparison
of CO, adsorption energy between MXenes and three-dimensional TMCs underscores the advantageous reactivity of MXenes. The text
emphasizes the geometric equivalence of the highly reactive but challenging-to-synthesize TMC(111)-M surfaces and easily generated
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MXene(0001) surfaces [700,701]. This equivalence highlights the potential of MXenes in catalysis, facilitated by their ease of for-
mation and sizeable reactive surface area. The Perspective concludes by emphasizing the need for joint experimental—theoretical
studies to understand further and develop the application of MXenes in chemical engineering, energy, and environmental science.

A balance between selectivity towards the desired reaction product, catalytic activity, and stability under reaction conditions must
be struck in the design of novel catalysts. Suppose a material meets these requirements and is composed of elements that are readily
available on Earth. In that case, it can serve as a substitute for the pricey noble metal catalysts used in industrial processes. Several of
these requirements are met by MXenes, making them attractive options for catalytic uses. The state of the art for MXenes as catalysts in
traditional heterogeneous catalysis [702] and electrocatalysis [703] will be evaluated, and a summary of current ground-breaking
research from computational or experimental perspectives will be included. However, given that this is a young topic, we acknowl-
edge that our collection of citations can hardly be considered exhaustive. For example, Yan et al. [704] mentioned an in-depth analysis
of the elaboration and unstacking of Pt or Pd-loaded Ti3C,Tx MXenes for gas phase catalysis experiments. Specifically, the effect of the
MXene production technique (HF vs. LiF-HCI etchants) on surface structure/composition and metal dispersion/oxidation state was
explained, and he reported on the catalytic hydrogenation performance of low-loaded Pt/MXene single-atom catalysts, highlighting
their activity, selectivity, and resistance to sintering. They exhibited good selectivity for 2-butene without butane production in
butadiene hydrogenation, a model reaction of importance in the petrochemical sector. Also, according to Meng et al.[705] single-atom
catalysts (SACs) offers a chance to better understand the catalytic mechanism of complicated processes in heterogeneous catalysis. The
low-temperature water-gas shift (WGS) reaction is a key industrial method for producing high purity hydrogen. In his paper, Meng
et al. [705] used density functional theory (DFT) to investigate the catalytic activity of Pt1@Ti3C2T2 (T = O, S) SACs, in which one
subsurface Ti atom with three T vacancies in the functionalized Ti3CyTy (T = O, S) MXene is replaced by one Pt atom for the low-
temperature WGS process. The results demonstrated that Pt1@ TisCyTy provides an ideal platform for the water—gas shift (WGS)
reaction because of the bowl-shaped vacancy formed by the Ptl single atom and three T defects around it. Pt1@Ti3CsSy SAC, in
particular, offered a superior catalytic performance for the WGS process due to the S atom’s lower electronegativity than the O atom,
which greatly lowers the energy barrier of H* migration in the WGS reaction, which is frequently the rate-determining step. In the most
favorable redox mechanism of the WGS reaction on Pt1@ Ti3CsSo, the rate-determining step is the dissociation of OH* into O* and H*,
with an energy barrier aslow as 1.12 eV. These findings show that Pt1@ Ti3zCyS; has promise for the use of MXenes in low-temperature
WGS processes.

In the context of several processes, including as CO oxidation, CO5 activation and conversion, water-gas shift (WGS) [706], nitrogen
fixation [707], direct dehydrogenation (DDH) [708], and hydrodeoxygenation (HDO) [709], MXenes’ catalytic properties are
essential. MXenes are studied via many methods in CO oxidation; theoretical studies show that single-atom catalysts (SACs) based on
MXenes have the potential to be more effective than certain conventional catalysts in CO oxidation [710]. According to screening
investigations, MXenes show stability and activity for CO oxidation when supporting different metal atoms, with Zn@Mo,CO2—58
emerging as a possible catalyst [711]. Moving to CO3 activation and conversion, MXenes are explored as materials for carbon capture
and storage (CCS). Computational studies predict MXenes as effective substrates for CO, adsorption, and experimental evidence
supports this, with MXenes like Ti3CoTx showing high CO, uptake. The catalytic conversion of CO; into valuable chemicals is also
explored, with MXenes serving as catalysts for the N-formylation reaction, demonstrating the potential for industrial applications.
Water-gas shift (WGS) reaction, where MXenes, including functionalized Mo,CTy [712] and Pt@Nb,CTy [713] exhibit catalytic ac-
tivity and stability is another approach of catalysis usage. MXenes are proposed as potential catalysts for high-temperature hetero-
geneous catalytic processes, showing promise for applications in WGS. Additionally, MXenes are considered in the context of nitrogen
fixation, displaying outstanding capabilities for Ny activation and providing a potentially efficient and practical route for ammonia
synthesis [142]. For example, Liu et al.[714] presented a high-performance Ru@Ti3Cy MXene catalyst for ambient electrocatalytic

Table 9
Outline of HER performance of MXene hybrid composite structures.

1

Author, Ref. - Year Catalyst Electrolyte Overpotential (mV)@10 mA Tafel slope (mV Scanrate (mVs™ ")
cm 2 dec™))
Chen et al.,[718]-2022 Ru/Mo,CT, 0.5 M H,SO4 64 57 5
Luo et al., [719] -2021 Ti3CaTy: Co 1 M KOH 103.6 103.3 10
Chen et al., [718] -2022 Co-MoS,/V,C@CC 1 M KOH 70.1 98.6 10
Wang et al., [720] -2023 CoBDC/MXene 1 M KOH 29 46 5
Fan et al., [713] - 2021 Pt/Nb,CT,-600 0.5MH,S04 5 34.6 —
Jiang et al., [721] - 2022 Ti3CNCl,@CoS, 0.5MH,S04 175 89 —
Yan et al., [722] - 2023 Rh-Co-Ni LDH/Ti3CyT, 1 M KOH 74.6 43.9 5
Shen et al., [723] - 2022 LDH (60%)/MXene- 1 M KOH 326 100 —
RGO
Ma et al., [724] - 2022 MoS,/TizCo@CNFs 0.5 M HySO4 142 113 5
Ma et al., [725] - 2023 (MIL-100)/TizCaTy 0.5 MH,S04 107 61 —
Zhang et al., [726] - 2023 Co-NCNT/TizCoTy 1 M KOH 190 78 5
Reghunath et al., [727] - BiFeO3/CroCT, 1 M KOH 128 53.3 5
2023
Ma et al., [728] - 2024 COF/Ti3CaTy 0.5 MH;S04 72 50 —
Hussain et al., [729] - 2023 WS,@MXene/GO 0.5MH,S0, 42 45 10
1 M KOH 43 58 10
Yin et al., [730] - 2023 MXene@CoSnO3 1 M KOH 45 51 5
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nitrogen reduction nreaction. The Ru@MXene catalyst produced 2.3 pmol h™! em™2 of NH3 in a 0.1 M KOH electrolyte. It also had a
Faraday efficiency of 13.13% at -0.4 V (vs. RHE). Lastly, MXenes were evaluated in direct dehydrogenation (DDH) and hydro-
deoxygenation reactions, crucial for gasoline and biofuel production. MXenes, such as Ti3CyTx and Pt@MXenes, showed high selec-
tivity in DDH reactions, with promising results in light alkane dehydrogenation. MXenes also exhibit potential in HDO reactions, with
Ti3CyTx nanosheets showing capability in converting biomass-model molecules.

Electrodes containing noble metals are a major component of electrocatalysis at the moment, but they are also quite costly and far
less common in the Earth’s crust than elements like Ti and C. The research of MXenes, including Ti, C, Mo, Sc, V, Nb, Zr, and Ta, results
from the demand for new electrocatalysts based on plentiful elements as shown in Table 8 [715]. These materials can potentially help
with the vital energy and environmental problems of the twenty-first century. In simulating MXene electrocatalysts, DFT is commonly
employed, often using the computational hydrogen electrode model. However, challenges include the neglect of adsorbate solvation in
computational studies, potential gas-phase errors, and the importance of accurately simulating MXene terminations under electro-
chemical conditions. MXenes have shown potential in various electrochemical reactions, including the Hydrogen Evolution Reaction
(HER), where they offer cost-effective alternatives to Pt [716]. The simulations focus on hydrogen adsorption-free energy, and MXenes,
particularly Ti>C and Mo-based MXenes, have demonstrated HER activity. Additionally, MXenes can be used as support for other
catalyst materials, such as single-atom Pt catalysts. For the Carbon Dioxide Reduction Reaction (CO3RR), MXenes have been
computationally analyzed, and TiaCO» and WCO2 were identified as active catalysts for COoRR with low limiting potentials to CH4.
The Oxygen Reduction Reaction (ORR) and Oxygen Evolution Reaction (OER) are also explored, with MXenes acting as conductive
supports for other active materials [717]. MXenes have potential in the Nitrogen Reduction Reaction (NoRR), with promising results
for TizCoTx and WoCHs, as electrocatalysts. However, challenges remain in achieving high efficiency and stability under NoRR con-
ditions. For more information, Table 9 shows a comprehensive outline on HER performance of MXene hybrid composite structures.

In summary, the text underscores MXenes’ emerging role as catalysts in various heterogeneous catalytic processes, showcasing
their unique properties and potential applications across different chemical reactions. While the Ti3CyTx MXene is the most studied
member, the overall findings suggest that MXenes could pave the way for innovative catalysts and supports with unprecedented
performance, inspiring further experimental exploration. MXenes hold promise as electrocatalysts for various reactions, offering al-
ternatives to noble-metal-containing electrodes. However, challenges in simulation methods and achieving optimal catalytic perfor-
mance still need to be addressed for widespread practical applications.

7.4. Purification and Environmental Remediation

The MXene family has sparked significant attention for various environmental concerns based on adsorption and degradation. One
ecological promising environmental restoration technique is photocatalytic destruction of organic contaminants. Several photoactive
semiconductors, including TiO, [731], g-C3N4 [732], and CdS [733] have demonstrated encouraging activity toward the photo-
degradation of several organic contaminants to date. To obtain improved sensitivity and selectivity, MXene might also be easily
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Fig. 31. Visual depiction of the functional properties and interfacial interactions of native and oxidised versions of MXene used for photocatalytic
breakdown and organic pollutant adsorption. Reprinted with the permission of Ref. [747].

61



V. Dananjaya et al. Progress in Materials Science 152 (2025) 101433

decorated or hybridized with other active ingredients including metallic nanoparticles and carbon-based compounds [734,735]. The
use of 2D MXene layers in redox-based catalytic methods to identify bromate ions was discovered by Rasheed et al. [736] in relation to
hazardous ions. According to the spectroscopic investigation, bromate ions adsorbed on MXene sheets caused partial oxidation of
MXenes and bromate to be reduced simultaneously. Within the operating window of 50 nM-5 pM, the built-in sensor demonstrated a
strong sensitivity with a detection limit of 41 nM. The work offered proof that redox-based sensor systems might directly employ
MXene sheets.

Cationic dyes have mainly been researched as organic pollutants due to their widespread usage in the printing, textile, and paper
industries, as well as their discharge into aquatic habitats [737]. This difficulty may be handled by using a cutting-edge MXene that
effectively eliminates cationic dyes. As shown in Fig. 31, a variety of techniques may be used to efficiently remove pollutants. A
composite construction can improve MXene’s adsorption effectiveness [738]. Magnetic MXene@Fe304 systems show strong MB
adsorption at various temperatures, including 55 °C [739,740]. The MB clearance rate (11.68 mg/g) was related to Langmuir isotherm
processes The adsorption is pH-sensitive, with best results at pH 3 or 11. Aside from hydrogen bonding, electrostatic attraction is the
principal mechanism behind MXene’s adsorptive behavior. A workable method for treating wastewater and desalination is membrane
separation technology. High flux, high selectivity, stability, resistance to fouling and compounds that resemble chlorine, and stability
are all desirable qualities in membranes used in desalination and water treatment [741]. Additionally, the membrane needs to be
sufficiently thin and mechanically stable to optimize water permeability while maintaining a steady salt rejection rate. Currently,
materials with molecular and ionic sieving capabilities that are 2D carbon nanomaterials, including graphene and GO, show great
promise. The decreasing interlayer spacing when compressed causes GO membranes to have a relatively limited flux, notwithstanding
their suitability for a wide range of applications.

Furthermore, the Ti3CyTx-SO3H composite demonstrated 111.11 mg/g capacity for MB adsorption via electrostatic attraction
[742]. MXenes synthesized using hydrothermal etching often show stronger cationic dye adsorption than those synthesized via normal
HF etching due to their larger BET-specific surface area [743]. In this regard, the Al-based MOF can remove both MB and anionic dye
(AB) from model wastewater [744]. Once again, the PZC took the lead. At pH 3, the MB removal capacity was 190 mg/g. The AB
elimination capability was 200 mg/g. When two adsorbents were combined, MXene demonstrated little selectivity. Pressure-assisted
membrane technology can be used to address poor selectivities, such as in the instance of an MXene@CNT membrane synthesized via a
thermal crosslinking approach [745]. The membranes exhibited good adsorption behavior towards methyl orange, Congo red, and
rhodamine B throughout 50 h of operation, as well as anti-swelling features and high efficiency. Within 1.2 V of the applied voltage, the
p-MX/SWCNTs demonstrated a high capacity for MB (1068.8 mg/g) [746]. Even at different pH levels, the electrodes were more
sensitive to cationic dyes than anionic ones.

MXenes have the potential to demonstrate their efficiency in the burgeoning field of pharmaceutical removal (as illustrated in
Fig. 32) due to its antibacterial properties. Wastewaters, particularly those containing active chemicals, are hazardous to the envi-
ronment because they create irreversible changes in organisms. Thus, adding effective catalysts as MXenes substantially improves
medication removal [751]. Previous research has shown that MXenes are effective materials for decomposing numerous medications
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such as amitriptyline (AMT) [752], verapamil [753], carbamazepine [754], 17 a-ethinyl estradiol [755], ibuprofen [756], and
diclofenac [757]. TizCyTx has an adsorption capability of 58.7 mg/g for AMT due to electrostatic interaction between negatively
charged MXene and positively charged medicinal compounds [758]. For example, a 2D/2D BipaWOe/Ti3C2 MXene heterostructure was
employed to extract the most commonly used antibiotic, amoxicillin. Interestingly, the elimination of compounds was seen after less
than 40 minutes of photocatalysis, owing to the production of reactive oxygen species [759]. A nanocellulose-intercalated MXene
membrane demonstrated about 99.0% azithromycin breakdown. Furthermore, the membrane demonstrated anti-swelling capabilities
in water for up to 76 h, as well as pure water permeance (about 26.0 L m h™! bar).

Researchers might employ MXenes’ great qualities to treat polluted or deteriorated soil [760]. For this reason, they might use
MXenes’ aqueous solution, which has good adsorption and nonselective oxidation [761]. For example, MXenes grafted with salt-
resistant polyelectrolytes (PEs) demonstrated long-term colloidal stability over six months when kept at severe salinity (ionic
strength of 2 M with 182.2 mM Ca*") [762]. The results showed an adequate adsorption capability of approximately 68 mg g~! for
methylene blue, a model pollutant [763]. MXenes in the aqueous phase would allow for a wide range of remediation strategies
including various types of soil flushing, both in situ and ex situ. Employing a material with adsorption-oxidation capabilities makes
remediation procedures more appealing by partially reducing the difficulties associated with huge amounts of polluted washings.

Pioneering research on MXenes activity against bacteria has shown the physicochemical antibacterial mode of action of colloidal
TisCoTx [764]. Further research demonstrated that MXene flakes combine the nanoblade effect with ROS generation[765]. Gram-
positive Escherichia coli bacteria were injected into selected MXene-based nanocomposites, as were Gram-negative Bacillus sp.,
Sarcina lutea, and Staphylococcus aureus [766]. Their efficiency was assessed using growth inhibition zones that encircled nano-
composite samples. Researchers found that combining ceramic oxide and noble metal nanoparticles as Al,03/Ag, SiO2/Ag, and SiOy/
Pd might improve MXene’s antibacterial efficiency [767]. Additionally, partial oxidation of the Ti3CyTy coating to TiO5 increased
bactericidal activity [768]. However, the oxidation cannot be significant, reducing the Ti3CoTx MXene to just TiO,. Preventing MXene
oxidation using antioxidants and maintaining it moderate increases bandgap tunability, ensuring effective light activation [769]. More
sophisticated heterostructures can address this issue while ensuring near-infrared (NIR) activation. For example, consider a one-
dimensional (1D)/2D heterostructure composed of 1D cobalt nanowires (CoNWs) and MXenes [750]. Under 808-nm NIR illumina-
tion, the 1D CoNWs captured the electrons photogenerated by the 2D Ti3CyTy MXene, further preventing hot electron-hole recom-
bination. The effective transfer of charge carriers increased reactive oxygen species (ROS) generation. As a result, further heat
increased antibacterial effectiveness by more than 90% within 20 minutes.

Heavy metals are common and harmful pollutants because they are non-biodegradable and accumulate in the food chain [770].
Adsorption is the most ensuring approach for removing inorganic impurities from water since it is straightforward, inexpensive, and
effective. MXenes can help the adsorption process by exhibiting electrostatic attraction, complexation of the surfaces, and ion ex-
change [771]. An alkalized (alk) MXene demonstrated that surface -OH groups are active sites for the adsorption of lead (Pb2+) ions via
an ionic exchange process [772]. Pb?>* adsorption was similarly impacted by pH variations, with 5-7 being the optimal range. Because
of the high absorption kinetics per unit mass of material, TioG(OH); exhibited an adsorption capacity of 2560 mg/g for Pb2* [773].
DFT simulations on TigCa(OH)F2—x indicated that -OH groups are necessary for heavy-metal ion removal, whereas -F does not help
with Pb%* removal owing to differing binding energies towards metal ions. Zr,C(OH)3 and Sc,C(OH),, are the only MaC(OH), carbide
MXenes and nitride MXenes with reversible affinity to Pb>*" due to their positive or low formation energies [774]. VoCTy has a high
affinity for Pb2*, but its instability and production of hazardous vanadium oxides limit its practical usage. MXenes absorb metal ions
such as Pb?*, cadmium (Cd?*") [775], copper (Cu?") [776], and zinc (Zn?*") [777] more efficiently than activated carbons due to their
highly negative surface charge. XPS and FTIR investigations demonstrated the process of metal ion adsorption for electrostatic forces,
ion exchange, and the development of inner-sphere complexes. MXene-based magnetic nanocomposites produced by a hydrothermal
procedure were further investigated for removing mercury (Hg?") ions. The elimination of Hg?>" with an absorption capacity of
1128.41 mg/g was proven throughout a wide pH range, as well as regeneration and reuse [778].

In this case, MXenes are quite useful due to their adjustable surface chemistry and controllable interlayer spacing. Ren et al.
published the first report on the MXene-based water purification membrane [779]. The membrane was created by assembling 2D
Ti3CyTx MXene nanosheets into a freestanding membrane using vacuum assistance in filtering. The strong hydrophilicity of Ti3CyTy, in
contrast to graphene or GO, permits the existence of interlayer HoO, which facilitates ultrafast water flow. The resulting membrane
demonstrated high selectivity for positively charged metal cations (such as Li*, Na*, K*, Mg?*, Ca®*, Ni®*, and AI®") and methyl-
thioninium* (MB*) dye cations and was impermeable to cations with hydration radii bigger than the MXene interlayer spacing (~6 A).
The suggested micrometre-thick membrane has the potential to achieve 37.4 L m™2 h™! bar~! water flow, with varying sieving ca-
pacities according to the charge and hydration radius of the target ions. The utilization of porous MXene membrane, made by vacuum
filtration utilising Fe(OH)3 nanoparticles as a template, was described by Ding et al. [780]. With a rejection rate of over 90% for
molecules bigger than 2.5 nm, the produced MXene membrane supported on an anodic aluminium oxide substrate demonstrated
outstanding water permeance of more than 1000 L m~2h ™! bar~!. Compared to other membranes with a comparable rejection rate, the
MZXene-based membrane performed better.

7.5. Thermal Management

The discipline of thermal management, or TM, has garnered a lot of interest lately because of its importance in several areas,
including energy storage and of its significance in several areas, including energy storage, conversion and recovery, technological
devices, and personal health. There is no question about it: the TM materials play a significant role in determining the TM efficiency.

Because of their distinctive 2D nanostructure, adaptable surface chemistry, high electrical and thermal conductivity, excellent light
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absorptivity, and low infrared emissivity, MXenes, a family of transition metal carbides and nitrides, have seen a rise in the TM field in
recent years. The current developments in MXene materials, including 0D quantum dots, 1D nanoribbons, 2D nanosheets, and 3D
assemblies in the thermodynamics area, are outlined in this study from the perspectives of thermal energy conversion, storage,
conduction, and radiation. In particular, their applications in different thermo-mechanical (TM) scenarios, such as thermal conduction,
phase change thermal storage, solar conversion, thermotherapy, Joule heaters, thermal electric, thermal camouflage, and passive
radiative heating, have become popular. Furthermore, there is a chance and a challenge for MXene-based TM materials to advance
their practical use and further scientific research for effective thermal energy utilization. Khazaei et al. [781] anticipated in 2014 that
functionalized Mo,C MXene would be thermoelectric. Subsequently, different MXene materials have been used to progressively
explore the theoretical and experimental aspects of a variety of thermal functional performances of MXenes, including thermal con-
duction, photothermal transformation, electrothermal transformation, phase change storage of heat, thermal camouflage (IR stealth),
radiative heating, etc. In addition to introducing MXenes into the intriguing realm of thermodynamics, the past few years have also
held promise for the exceptionally effective control and utilization of thermal energy by using MXene materials. The current state of
research and development for 0D/1D/2D/3D MXene-based thermoelectric materials is reviewed in this review, along with their
functional applications in a variety of thermoelectric and solar conversion applications, as well as thermotherapy, thermoelectric,
thermal conduction, phase change thermal storage, radiative heating, and thermal camouflage (IR stealth).

For MXenes phase change materials (PCM) to be used in thermal applications, their thermal conductivity must be improved. Many
techniques, including nanoparticles (nanopowders, nanowires, and nanotubes), impregnation, and blade modification, can be used to
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Fig. 33. (a,b) Schematic diagram showing the PTE and storage process of PEG- and MXene-based Ti3C,Tx composites and the PTE efficiencies of the
manufactured composites under both artificial and actual solar radiation. Reprinted with the permission of Ref. [782]. (c) At room temperature, the
UV-Vis-NIR absorption spectra of MXene colloids at different concentrations. (d-g) The light-to-heat conversion and storage of created aerogels is
schematically diagrammed, with the photothermal effect driving both processes. Set up experimentally for manufactured materials. Temperature
calculation curves at (PEG4000 and PEG10000) for MXene@PEG and bare PEG aerogels, respectively. Reprinted with the permission of Ref. [783].
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increase the thermal conductivity of basic PCMs [784]. This is important because a rise in thermal conductivity will accelerate the
PCM’s melting rate. Convective heat transmission is impacted by the inclusion of nanoparticles, which also raises the PCM’s dynamic
density [785]. The selection of nanoparticles is influenced by several variables, such as thermal conductivity, particle size, cost,
volume fraction, and kind of base fluid [421]. The dispersion of the base PCM is improved when particle size is reduced to the
nanoscale because it improves surface area about volume. As a result, a key element in determining the system’s thermal conductivity
is particle size. According to experimental evidence, improvements in heat conductivity and particle size reduction are positively
correlated. In addition, mixes of high concentration nanoparticles melt more slowly than mixtures of low concentration nanoparticles
or pure PCMs. This may be explained by the fact that the concentration of nanoparticles has increased, leading to an increase in
dynamic viscosity. Decreased buoyancy-driven natural convection, the primary heat transfer mechanism during melting, is the
outcome of the increased dynamic viscosity. This slows down the rate of melting overall, highlighting the significance of particle size in
affecting the thermal performance of PCMs based on nanoparticles. As a result, MXene materials have a variety of characteristics
including structural, optical, and electrical qualities as well as, in some situations, large thermal energy storage capacities. Because of
these characteristics, MXenes may be used in a variety of ways, with thermal energy storage receiving special attention. Moreover,
MXenes can store solar thermal energy due to the presence of hydrophilic functional groups [786].

Using reduced graphene oxide/MXene hybrid aerogels (rGO/MXene) to act as the supporting matrix and encasing stearic acid as
the PCM, Wang et al.[787] created a vertically oriented network composite PCM. It was discovered that the composite had a thermal
conductivity that was 317.24% greater than that of stearic acid. In a similar recent study by Qiao et al.[788] exhibited low density
(0.023 g/cm®), flame retardancy, strong mechanical characteristics (longitudinal and transverse compressive modulus of 450.9 kPa
and 79.9 kPa at 90% strain, respectively), and 80% compressive elasticity in the optimized MXene/RGO/AuCu NPs aerogels. The
malleable porous structure allowed it to respond to pressure, which has been demonstrated in pulse and human respiration monitoring
applications. Aerogels feature heat resistance, flame retardancy, good electrothermal (may increase to 245.2 °C in 6 s at 7 V driving
voltage) and photothermal qualities (109 °C in 10 s at 1sun sunlight intensity). Its outstanding thermal management capabilities and
pressure sensing properties made it a promising candidate for wearable flexible heaters and artificial skin.

A high-performance phase change composite material was created by Liu et al. [789] by enclosing MXene in a phase PCM that had
stabilized in shape. This combination improved heat conductivity and electromagnetic interference shielding (EMI) at the same time.
The MXene/PCM composite was found to have an enhanced thermal conductivity of 0.74 W/mK and an EMI of 64.7 dB in the X-band.
Melamine foam (MF) and MXene were combined using a polydopamine (PDA) technique by Du et al. [790] to create composite PCMs.
These materials were then utilized to encapsulate polyethylene glycol (PEG) to create a composite PCM (CPCM). According to the
study’s findings, the suggested PEG/MPMF CPCM (PEG@MPMF), which has a melting enthalpy of 186.2 J/g—99.5% of the value of
pure PEG displayed acceptable thermal energy storage capabilities. A simple method for creating MXene-decorated non-PCM emul-
sions (NPCMEs) with high thermal conductivity, low supercooling, and excellent stability was described by Wang et al. [791]. This was
accomplished by MXene nanosheets self-assembling at the PCM/water interface. The results showed that the average droplet di-
ameters, stability, and thermophysical characteristics of the NPCMEs were significantly influenced by the MXene content. With a
15.5% improvement over water, the 10 wt% n-tetradecane/water NPCME MXene’s thermal conductivity was 0.693 Wm ™' K~!. A new
bio-based pomelo peel foam (PPF)/PEG composite PCM was created by Sheng et al. [792] using a straightforward impregnation
procedure. To improve the resultant PCM’s thermal conductivity, thermal energy storage capacity, and optical-to-thermal energy
conversion efficiency, a low concentration of MXene nanosheets was added. Additionally, the obtained PPF@MXene/PEG FCPCMs’
thermal conductivity was enhanced (from 0.25 to 0.42 W/mK). Also, PEG MXene composites can be utilized for thermal management
by photothermal conversion in solar cells, as shown in Fig. 33. Titania and MXene-based PCM for thermal energy storage was described
by Khan et al. [793]. To create nano-enhanced phase change material (NEPCM), paraffin wax (PW82) was treated with NPs that were
created and incorporated using the direct synthesis method. A study was conducted to assess the hybrid nano-enhanced PCM in PW82
using TiOy and MXene wt%age ratios of 0.1, 0.2, and 0.3. Through the doping of titania and MXene, the PCM’s specific heat capacity
was increased. A 0.3 wt% doping of TiO2-Ti3Cy resulted in an increase in specific heat of 41.3%. When TiO»-TizCy was doped at 0.3 wt
%, a maximum increase in thermal conductivity of 15.6% was found. With a weight fraction of 0.3 wt%, the generated NEPCM’s
dissociation temperature increased by around 6%. The findings of this work showed that doping TiO5 and Ti3Cy with PW82 to create a
unique class of NEPCMs has a substantial potential to increase the heat storage capacity of organic paraffin.

Work by Luo et al.[794], stearyl alcohol (SAL) was chemically modified with a phosphorus-containing molecule to synthesize a
flame-retardant PCM effectively. The form-stable phase change composite was produced through a vacuum impregnation process,
using an MXene with a porous structure serving as the PCM’s supporting backbone. Due to the high aspect ratiosizeable, large capillary
force of the MXene aerogel, and the interfacial contact between the PCM molecule and the MXene, the MXene-based PCMs showed a
considerable thermal conductivity of 0.486 W m~! K~1. MF was used as a template by Cheng et al. to create a continuous thermal/
conductive network by dip-coating it with magnetized nickel (Ni)/MXene (NiM). The porous NiM/MF hybrid sponge was then filled
with PEG using a vacuum impregnation method. Due to the synergistic impact of highly conductive MXene and magnetic Ni chains, the
resultant NiM/PCM displayed outstanding EMI shielding efficacy (34.6 dB) and desirable thermal conductivity (0.39 W/mK) with
electrical conductivity (76.3 S/m) [795]. By mixing PEG with MXene-coated melamine foam (MF@MXene), Shao et al. [796] created
innovative PCM composites. Excellent encapsulation qualities and improved solar-to-thermal conversion efficiency, including shape
memory capability, were demonstrated by the resultant PCM composites. According to Gao et al. [797], paraffin was used as the PCM
combined with MXene to provide flame retardancy and self-healing for thermal applications, while the olefin block copolymer served
as the polymer substrate. They found that double-coupling encapsulation of PA was accomplished by the OBC-dependent polymer
network and MXene-based layered porous structure. This resulted in a PA/OBC/MXene CPCM with excellent relative enthalpy effi-
ciency (97%), as well as enhanced thermal stability.
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8. Computational studies in MXene Filled Composites

Computational studies play a pivotal role in advancing the understanding and development of MXene-based composites. By
leveraging powerful tools such as machine learning and density functional theory (DFT), researchers can predict and analyze the
properties of MXene composites with remarkable precision. Machine learning algorithms facilitate the identification of key material
parameters and trends, accelerating the discovery of optimal composite configurations. Meanwhile, DFT simulations provide deep
insights into the electronic structure, surface interactions, and charge transport mechanisms within these materials. Together, these
approaches form a comprehensive framework to guide experimental efforts, enabling the design of high-performance MXene com-
posites for a variety of advanced applications. Machine learning algorithms have emerged as a tool for enhancing the synthesis and
processing of MXene-loaded composites by identification of correlations between synthesis parameters and material properties. In the
synthesizing stage, Machine learning models incorporating decision trees, random forests, and neural networks examine complex
datasets, comprising conditions of etching, intercalation agents, and exfoliation techniques [41]. This is where Machine learning
processes the data to predict optimal synthesis pathways to reach desired properties, which may include nanosheet thickness, surface
functionality, and dispersibility. For example, some supervised learning models can connect precursor composition and reaction
conditions to the quality of exfoliation. In doing this, it leads the researchers to minimize defects and thus improve the yield. In
addition, reinforcement learning has been implemented with the aim of automation of experimental workflows, greatly reducing trial-
and-error that usually characterizes composite material synthesis [50].

This enables the optimization of filler dispersion, interfacial bonding, and matrix compatibility in the processing of MXene com-
posites. Guided by image analysis and spectroscopy data, machine learning algorithms can assess the homogeneity of distribution of
MXenes within the polymers or ceramics. Specifically, CNNs have been used in the image analysis conducted via microscopy methods,
showing the ability to detect the aggregation of nanosheets inside composite matrices and allowing refinement in the methodologies of
mixing or casting techniques. Machine learning-driven optimization models go further in predicting how different modifications-such
as surface functionalization or solvent selection-affect the interaction between MXene/MBene fillers and a host matrix to attain their
target properties of either improved mechanical strength, electrical conductivity, or thermal stability[798].

Machine learning methodology helped in accelerating the process of discovering the structure-property relationship and predictive
modeling in specific applications involving performance evaluation of MXene- composites. For instance, the microstructural
parameters-aspect ratio and orientation-of MXene fillers have been coupled with the macroscopic properties of tensile strength or
electromagnetic interference shielding efficiency using SVMs and gradient-boosting algorithms [39]. Machine learning also allows for
virtual screening of composite formulations for target functionalities including high dielectric permittivity or heat dissipation. In this
respect, machine learning can allow for actionable insight into guiding material design by integrating experimental data with
computational simulations to enable the engineering of composites with optimized performances at lower dependences on expensive
and time-consuming experimental protocols.

The paradigm of science encompasses four main approaches: Experimental science involves conducting controlled experiments in a
laboratory setting to observe and analyze outcomes. Theoretical science focuses on constructing models, theories, and frameworks to
explain natural phenomena based on existing knowledge and principles. Computational science utilizes computers and algorithms to
simulate and model scientific processes that may be challenging to study experimentally, relying on computational methods to analyze
data and solve complex equations. Data-driven science, also known as data science, leverages large datasets and advanced analytics
techniques to extract meaningful insights, patterns, and trends [799]. Each approach is crucial in advancing scientific knowledge,
addressing research questions, and shaping our understanding of the natural world [800]. Integrating these paradigms leads to
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interdisciplinary innovations that drive scientific progress as shown in Fig. 34. This review section will explain the DFT and Data-
driven aspects of MXene and MXene-based composites.

8.1. First Principles studies of MXene-based materials

The first investigations conducted on MXene have yielded significant knowledge on the synthesis, structure, characteristics, and
potential uses of this promising material for energy storage [801]. The research conducted by Liu et al. [802] has provided a clearer
understanding of the fundamental processes and interactions at the atomic level that lead to the improved electrochemical perfor-
mance of MXenes. In addition, initial investigations have also enabled the logical development and enhancement of MXene-based
materials for specific energy storage uses, resulting in enhanced effectiveness and durability. Moreover, these investigations have
established the groundwork for subsequent investigation and progress in MXene-based energy storage devices, facilitating future
developments in this technology. The extensive examination conducted via primary investigations in MXene has substantially
contributed to our comprehension of the material’s properties and possibilities in MXene-based energy storage devices, facilitating
forthcoming advancements in this technology.
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Fig. 35. Atomistic structures of six different crystalline MAX phases and MXenes. The a and ¢ axes are common to all structures—reprint with
permission [804].
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8.2. MAX phase to MXene with DFT

It is widely recognized that the MAX phases have proven to be a valuable resource for creating innovative 2D systems. With the
wide range of compositional options in MAX phases, we can anticipate the emergence of numerous 2D MXenes with remarkable
properties. At this point, it is crucial to determine which MAX phases show potential for successful exfoliation into 2D materials.
Through the examination of tensile and shear stresses, researchers have explored the process of mechanically exfoliating different
MAIC MAX phases (M = Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, and W) into 2D MyC MXenes [803]. Through experimentation, researchers
discovered that subjecting the material to significant tensile strain could break the bonds between the M and Al layers, causing the MoC
and Al layers to separate. The atomic structures of six distinct crystalline MAX phases are shown in Fig. 35.

Nevertheless, the chemical exfoliation process is a highly intricate and challenging dynamic process that cannot be accurately
modelled and simulated. However, valuable insights can be obtained by examining the strength of bonds and the energy required for
exfoliation. This is because MAX phases with weaker M-A bonds hold potential as favorable candidates for successful exfoliation. This
paper studies the electronic structures, static exfoliation energies, force constants, and bond strengths of 82 crystalline MAX phases.
The investigation uses a set of first-principles calculations based on DFT. There is a strong correlation between the force constant and
the bond strength. It has been observed that, apart from the MAX phases containing the A elements S or P, there is a greater likelihood
of exfoliation into 2D MXenes for the MAX phases containing other types of A elements. In addition, we investigate how charge in-
jection impacts the bond strength of the MAX phases. When MAX phases have a negative charge, the M-A bonds become elongated and
weaker when they receive electrons. This makes the exfoliation process easier. However, the exfoliation process becomes more
challenging for MAX phases with a positive charge.

First-principles calculations based on DFT have emerged as a reliable method for predicting a wide range of physical and chemical
phenomena on the atomic scale. Therefore, DFT calculations are utilized to optimize the nuclear structures and explore the electronic
structures of the MAX phases. The Vienna ab initio simulation package (VASP) code is used for all calculations. Here is an overview of
the section on the MAX phase to MXene. The exchange-correlation energy is computed using the Perdew-Burke-Ernzerhof (PBE)
functional, part of the generalized gradient approximation (GGA).It is interesting to note that most MAX phases display nonmagnetic
properties, except for a small number of Cr-based MAX phases that demonstrate a weak magnetic effect. We evaluate the total energies
of all optimized MXenes using spin-polarized calculations. The force constants vs bond length of the MAX phase is shown in Fig. 36.

The force constants of the M1-M2 bonds have similar magnitudes to the M1-A bonds, but they are smaller than the force constants
for the M1-X bonds. It can be inferred that the M1-M2 bonds exhibit a lower strength or flexibility than the M1-X bonds, aligning with
chemical intuition. Nevertheless, the bonds between M1 and A and M1 and M2 retain enough strength to play a significant role in
maintaining the stability of MAX phases. Due to the regular arrangement of the structure, the M1-M1, A-A, and X-X bonds have the
same length as the lattice parameter a, which is greater than the lengths of the M1-X, M1-A, or M1-M2 bonds. Considering the X-X
interatomic distances are significantly larger than the atomic radii of X elements, it can be inferred that the orbital overlap between the
X atoms in the X-X bonds is likely weak.

Additionally, the atomic radii of A or M atoms are twice as large as the A-A or M1-M1 bond lengths, indicating a significant orbital
overlap in the A-A or M1-M1 bonds compared to X-X bonds. It is worth noting that the total force constants of an X or M atom are
considerably greater than those of an A atom. This clarifies why, during the exfoliation process, the bonds between M and A atoms are
usually broken instead of the bonds between M and X atoms.

8.2.1. Structural and Mechanical properties studies with DFT

Yorulmaz et al. [805] examined the dynamic and mechanical stability of certain MXene phases in their original and surface-
terminated states. Our research has shown that all the carbides and nitrides of Scandium (Sc), Titanium (Ti), Zirconium (Zr), Mo-
lybdenum (Mo), and Hafnium (Hf), except for MoyN, exhibit metallic properties. Conversely, whereas most of the wholly terminated
structures of carbide-based MXenes are dynamically and mechanically stable, this is not true for nitride-based MXenes. Furthermore,
this study presented the Raman active modes of several MXene phases for the first time. These modes are essential for the experimental
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Fig. 36. a) Calculated force constants of different bonds versus the corresponding bond lengths for the 82 experimentally synthesized MAX phases.
b) Bond strength versus force constant for the M1-A and M1-X bonds for various experimentally synthesized MAX phases. Reprinted with
permission [804].

68



V. Dananjaya et al. Progress in Materials Science 152 (2025) 101433

Electronic Conductivity ( A BA 5, Total energy stability

Clasification h
sz —4——> Name of the material
.y Dynamically and
Unstable | I Mechanical Stable

M ) )M J M J(.\l J M )M J[M h
[ Se,C¢ | Ti,)e J| Zryc J{ HE,C J{ MoyC ZrN J{ HEN J( Mo,N

(> )M v)(m V)M v)(m oy ) AITEEN
[ S¢,CF ) k’l‘iz(?l-'zj z Mo,CF, NF NF, |(Mo,NF,

LI LH 2)
(D GS)(M GS)M GS)M GS)(ID GS
MD2
S¢,CF; \T'zU'zJ Zr,CF, || HE,CF, ||Mo,CF

MD1

. _ k
(m m)m u)m m)(p nz] (M uj ] l] )
MD3

7~

(o m)(M (M mn)(m m]'m 1l

M GS)
2JUHELNE Y

MD4

~ T

M VYD v)(p 1v)(mp l\’] M IV)

A(m 1v)

2JUHRNOJR

MDI

_
(M 1r)(1p GS)(Ip GS)(ID GS)(M 1II) ) (M GS)
MD2

D GS)(I> m)(1m m)(m m )™M ) M )M u](m NN

o R | PR . | MD3 | . ,

(i u)(m wm)(m ) m]?u GS) (1D uﬂﬁ\t ”1 M m)(M m)(M GSs

. . . | MD4 ) .
[S¢,CO, | J.zc()ﬁ | Zr,C0,|( HE,CO, |(Mo,CO,) (SeaNO, J{ TipNO, J(ZryNO, J(HE,NO, J{Mo,NO
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bandgap semiconductor, and direct bandgap semiconductor—reprint with permission [805].

identification of MXene phases. In addition, the structural, electrical, vibrational, and mechanical characteristics of the chosen MXene
phases in both their original and completely surface-terminated states. The study successfully showed electronic band gaps in some
MXenes, which depends on the specific system (whether it is carbide or nitride) and the functional components present. Research has
shown that MXene phases exhibit significant changes in their electrical and mechanical characteristics depending on the specific early
transition metal, X atom, and surface functional group used. The stability predictions and Raman measurements presented in this study
show great potential for synthesizing and developing novel MXene materials. The Illustration of stable MXenes structures is shown in
Fig. 37.

In the first phase of our computations, we examine ten structures, out of which nine, namely S,C, Ti2C, ZryC, Mo2C, Hf,C, SoN, TisN,
ZroN, and HfN, are determined to be dynamically stable. The only exception is Mo2N. In Fig. 4, stable structures are represented by
green frame lines, whereas red frame lines represent unstable structures. The mechanical stability of these systems is evaluated based
on the Born criterion. For 2D hexagonal crystals to be mechanically stable, they must satisfy the following conditions: C11 must be
more than 0, C44 must be greater than 0 (with 2C44 equal to C11 minus C12), and C11 must be greater than the absolute value of C12
[806,807]. Based on the Born criteria, all of the original phases meet the requirements for mechanical stability. Only Mo,C has a
harmful C12 component, indicating that when the crystal is crushed in the y direction, the Pxx stress component is tensile rather than
compressive. This phenomenon is uncommon but feasible in materials like intermediate valence systems [808,809]. Recent in-
vestigations CVD have shown the ability to produce MXenes without functional groups [810]. Thus, the experimental findings and our
dynamical stability analysis indicate the potential for significant development in several pure MXenes structures.

Moreover, it would be advantageous to explore the stability of the synthesized phases using experimental fingerprints and insights
from theoretical studies. This would help us comprehend the significance of synthesizing pure MXenes in connection to our stability

69



V. Dananjaya et al. Progress in Materials Science 152 (2025) 101433

data. Currently, there is no known monolayer MXene made from nitride. Naguib et al.[141] have suggested that the inability of the
liquid exfoliation approach to synthesize nitride-based monolayers may be due to the dissolution of Tiy 1N, in HF solutions. Shein
et al. [811] subsequently showed theoretically that nitrides have lower cohesive energy than carbides. The formation energy of
Tin+1Np derived from Tiy1AIN;, is greater than that of Tiy1C, derived from Tiy 1 AIC,.

Nevertheless, our phonon dispersion calculations indicate the absence of complex frequencies in the 2D TisN crystal. This might be
seen as a sign of potential expansion in TioN (and other structurally stable layers) using a mechanism distinct from liquid exfoliation,
such as chemical vapor deposition (CVD). Indeed, synthesizing pure few-layer MXene crystals using a liquid exfoliation approach is
quite complex because of the intrinsic surface functionalization.

8.2.2. Surface terminations with DFT

We investigate the impact of surface functionalization on the behavior of bilayer TizC2Ty (T = F, O and OH) MXene towards
intercalating ions through DFT calculations. When anions and cations are introduced, the interlayer spacing (d) of pristine MXene
increases. After the surface functionalization, the systems response to intercalating ions undergoes significant changes. Anions cause
an increase in interlayer spacing, while cation intercalation leads to the contraction of d. The interplanar distance decreases even more
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minimum energy is taken as reference point in each case (g) Measured ARPES curvature spectrum of TizCoF 80 g (yellow-red), including a selected
part of the calculated band structures of the high-symmetry I'-K and I'—-M directions for Ti3C20, with O adsorbed only on the bridge site (blue) and
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as the charge state of the cations increases, especially with Ti3Cy0,. The system’s dynamic response to the intercalating ions is
confirmed in DFT, and the results highlight the significance of surface functionalization in MXene water applications [812] The Ti-
based MXenes with F and O terminal groups are shown in Fig. 38.

The model system we used comprised a bilayer of TizC2T2 (T = non, F, O and OH) MXene with a single ion and a water molecule
positioned between the layers (refer to Fig. 38). Initially, we conducted separate DFT calculations on each MXene layer to optimize
them. These calculations were performed using the generalized gradient approximation of Perdew—Burke—Ernzerhof (PBE) to accu-
rately describe the exchange-correlation energy [779]. Each simulation unit cell in every instance comprises six titanium atoms and
four carbon atoms. A gap of almost 10 angstroms was created perpendicular to the layers of MXene, leaving a vacuum space. The
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Brillouin zone was discretized using an 8 x 8 x 8 grid of k-points, as described in reference [814]. The electrostatic potentials were
computed using a real-space grid with a mesh cutoff energy of 150 Ry. Local numerical orbitals with double-zeta-polarized basis sets
were used for all atoms. Grimme’s empirical dispersion adjustment was used in the PBE method to account for van der Waals in-
teractions [815]. The convergence conditions for the total energy and Hellman-Feynman forces were set at 10 eV and 0.01 eV/A,
respectively. The computed parameters of the computational cell are a = 3.145 A, b = 5.457 A, and ¢ = 20 A. He used the optimized
structures to create a bilayer of MXene and further optimized the arrangement of the layers. The simulations were conducted using the
Atomistix toolset, a computational software based on first-principles calculations. The charge state of the ions was regulated by
adjusting the electrostatic potential by introducing a “compensation” charge that was localized to the ions. The compensating charge is
implicitly neutralized by the additional carriers supplied by the reservoir [816].

Fig. 38g. displays a curvature map derived from observed ARPES data using the technique outlined by Zhang et al. [817] for a
Ti3CyF0.800.s sample. The presence of nondispersive bands at around 5.5 and 9 eV may be seen, which can be attributed to the surface
terminations of oxygen and fluorine, respectively, as previously mentioned. There are visible bands with a wide range of dispersion,
spanning from about 1.5 eV to 3 eV in binding energy, as one moves from k|| = 0A'to k|| =1.2 AL Fig. 38g includes chosen bands
from the computed band structure of Ti3CyF4 with fluorine adsorbed at the A site and Ti3C204 with oxygen adsorbed at the bridge site
for comparison. The full band computations may be seen in Fig. 38h. The computed energy bands for the Ti3CyoF5 termination exhibit a
high degree of agreement with the nondispersive characteristic at around 9 eV and the dispersive characteristic near the Fermi level
[813].

The research aims to analyze the behaviour of bilayer TizsC2T2 (T = non, F, O and OH) MXene in the presence of various ions
between the layers using DFT calculations. The study revealed that surface functionalization significantly influences the system’s
reaction to intercalating ions. The system reacts to the ions by contacting them or increasing the distance between the layers. This
behavior is not seen in the case of the original Ti3Cy MXene. The system reaction to the intercalating ions is more noticeable in the O-
terminated sample compared to the F-terminated sample. The DFT simulations successfully achieved the dynamic response of func-
tionalized MXene to intercalating ions. The MXene layers exhibit dynamic behaviour due to their charged nature, as our simulations
show by introducing external charges to the O-terminated MXene layers.

8.3. MXene-based materials for Electrocatalytic application with DFT

Due to the distinctive electrical characteristics and extensive chemical and structural modification possibilities of MXene. DFT can
assist in the development of MXenes catalysts for many processes, including hydrogen evolution reactions (HER), oxygen evolution
reactions (OER) [818], nitrogen reduction reactions (NoRR), CO2RR [819], and oxygen reduction reactions (ORR) [820]. DFT com-
putations are used to analyze mechanisms, design materials, and analyze reaction mechanisms. Due to their large surface area and
efficient conductivity, MXenes may serve as catalyst carriers, allowing for better dispersion and more active sites. This ultimately leads
to improved activity and selectivity of the catalysts.

8.3.1. Hydrogen Evolution Reaction(HER) Catalysis

HER has always been seen as an environmentally friendly and emission-free process. 2D MXenes are well recognized as effective
and stable electrocatalysts for the hydrogen evolution reaction (HER). MXenes, with their chemically stable structure under acidic
environments, have great potential as a catalyst for HER [821].

Ong et al. [822] documented that the presence of nitrogen (N), boron (B), phosphorus (P), and sulfur (S) has a doping effect on the
HER of MXenes, regardless of whether they are functionalized with oxygen (-O) or not. The MXenes doped with X demonstrate superior
HER performance compared to the original, unmodified MXene. The X-doped Mo,CO; and Ti,CO, MXenes exhibited superior HER
performance compared to the X-doped M2C.

The Free energy profile of Co and Ni-doped Nb MXene is shown in Fig. 39 (a-d). The NRR free energy profiles on C-doped Nb,CO,
nanosheet via distal and alternate paths at zero and applied potentials. Furthermore, the change in Gibbs free energy (AGH) indicates
that the N-doped Ti»CO;, displayed superior performance compared to Pt (1 1 1). Consequently, the process of N-doping may improve
the HER efficiency of MXenes. Du et al. [823] described synthesizing a nanohybrid material consisting of Nb-doped TizCoTx with
surface transition metal (TM) alloy modification. The doping of Nb in the conduction band, as shown by DFT calculation in Fig. 39a,
may shift the Fermi level.

Additionally, the surface modification of Ni/Co can reduce the surface affinity of M — H, leading to an enhancement in the per-
formance of the HER. The DFT analysis revealed that this catalyst had exceptional HER catalytic activity in a 1 M KOH solution,
requiring only a 43.4 mV overpotential to reach a current density of 10 mA cm™2.

Furthermore, it showed a remarkable level of stability. Both the doping and alloy modification methods offered design concepts for
enhancing the MXenes catalyzed HER reaction. Kuznetsov et al. [824] introduced cobalt atoms into the MXenes material by single-site
replacement. Co-doping enhances the catalytic efficiency of the HER. DFT simulations demonstrate that substituting Mo with Co in
Mo2CTy results in a more favourable hydrogen binding on the -O MXenes surface. The outcome offers a method for synthesizing mid-
to-late transition metal MXene compounds.

8.3.2. NRR Catalysis

MXenes possess inherent nanoscale layered structures, exceptional mechanical and electrical conductivity, remarkable specific
surface area, and favourable hydrophilicity, making them promising candidates for high-performance NRR catalysts or carriers [827].
Banu et al.[630] examined the efficiency of 2D MXenes as catalysts for NH3 production by DFT calculations. A total of sixty-five
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MXenes, both unfunctionalized and functionalized, were analyzed. The free energy spectra of fifty-five MoxTx MXenes, where M
represents Ti, V, Zr, Nb, Mo, Ta, and W, and X represents C or N, were determined for NRR. The free energy spectra of metallic and
nonmetallic components in unfunctionalized and functionalized MXenes were also analyzed. The research examined 10 MXenes with
M3XsTy structure or different functional groups (T = S, F, Cl) to identify methods for enhancing the catalytic NRR performance of
MXenes. Gao et al. [826] used DFT calculations to analyze the Gibbs free energy of Ti3C205 loaded with various transition metal single-
atom catalysts. This analysis is shown in Fig. 39 e. The Ny adsorption in an end-on orientation is very advantageous, and the Fe with a
AG of -0.75 eV demonstrates excellent capabilities for activating N5. The necessary energy for Ny reduction varies depending on the
transition metals used. Fe/Ti3C204 is 0.92 eV; for Co/Ti3C20, it is 0.89 eV. For Ru/TizC20,, itis 1.16 eV, and for Rh/TizCy03 it is 0.84
eV. The calculations indicate that there are two possible phases that might restrict the reaction:

(i) No+H"™ — NNH and

(>ii) NHy+H' — NH;3

(see Fig. 39f). Gao et al.’s research [826] presents a novel approach to producing NoRR catalysts. Li et al. [825] evaluated the
potential of C-doped NbCO,, WCO,, and MoCO as catalysts for NoRR by analyzing the free energy diagrams of several NoRR catalyst
candidates. These catalysts have a high catalytic activity for NRR good selectivity and may be further explained by adjusting the filling
degree of Pz orbitals of the individual carbon atoms. Hence, the particular catalyst consisting of a single carbon atom may be used as a
highly efficient catalyst for NoRR by carefully choosing an appropriate substrate. In addition to their excellent stability, metal-electron
band structure, and electronic properties, 2D transition metal borides (MBenes) exhibit catalytic activity for NoRR (Fig. 39g) and
effectively block the HER with excellent selectivity (Fig. 3%h). Zhao et al. [828] conducted DFT calculations to evaluate the catalytic
potential of four MBenes (TiB, YB, ZrB, and MoB) using their respective limiting super potentials. The results suggested that these
MBenes had promising nitrogen reduction reaction (NRR) catalysis possibilities. These papers provide practical approaches for
designing effective electrocatalysts based on MXenes.

9. Artificial Intelligence and Data-driven approaches for MXene-based composites

MXene is a promising category of 2D nanomaterials that has gained significant attention due to its unique properties and potential
applications in various fields [406]. To fully exploit the potential of MXene-based composites, it is essential to understand the data
collection, training, and testing processes involved in developing these advanced materials. This section aims to provide a compre-
hensive overview of artificial intelligence and data-driven approaches in MXene-based composites, focusing specifically on the data
collection, training, and testing processes. The data collection process for MXene-based composites involves gathering relevant in-
formation about the properties and characteristics of MXene nanomaterials and their interactions with other components in the
composite [829,830]. This information can be obtained from various sources, such as experimental studies, computational simula-
tions, and literature reviews. The collected data is then used to train artificial intelligence models, which can be supervised or un-
supervised, to analyze and predict the behavior of MXene-based composites. Supervised learning algorithms, such as regression and
classification models, are trained using labelled data to predict the composites’ specific properties or performance metrics.

Data-driven approaches leverage the information available on MXene-based materials, encompassing synthesis parameters,
structural characteristics, and performance metrics. By harnessing this data, researchers can uncover insightful relationships between
MXene compositions, processing methods, and the resulting composite properties. This knowledge is a valuable foundation for guiding
the development of next-generation MXene composites with tailored functionalities. Integrating Al and data-driven methodologies
into exploring MXene-based composites holds tremendous potential for streamlining the material development cycle, accelerating
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Fig. 40. (a) Array of sensors (scale bar of: 3.25 mm) (b) Circuit diagram of a sensor array (c) Output current signals measurement. Reprinted with
permission of Ref. [831] (d) Ag/V2C/W memristor (e) artificial synaptic neuron with the memristor (f) Fitting model of a memristor (g) Fitting
model of a memristor (h) Conductive mechanism of memristor. Reprinted with permission of Ref. [832].
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innovation, and uncovering new paradigms in materials design. This synergy between advanced computational techniques and ma-
terials science offers an exciting frontier for achieving unprecedented advances in composite materials research and development.

9.1. Al based Approaches for MXene-Based Composites in various applications

Recent advancements in artificial intelligence (AI) have established it as a transformative technology in materials science, engi-
neering, and biomedical applications due to its high precision, efficiency, and ability to uncover complex patterns in large datasets.
This section explores the role of Al in advancing MXene-based composites, emphasizing its impact on both practical applications. AI-
driven techniques, such as deep learning modeling, have revolutionized the design and synthesis of MXenes by predicting optimal
synthesis pathways and overcoming traditional trial-and-error approaches. These methods have significantly enhanced the efficiency
and scalability of MXene production while identifying their limitations, such as data dependency, that require further refinement.

Al-based modeling tools have also played a pivotal role in optimizing MXene-based devices, particularly in energy storage systems,
sensors, and memristors. Machine learning algorithms have been employed to predict material performance, while deep learning
approaches have modeled nonlinear dynamic behaviors in memristive systems. Additionally, Al-driven simulations have facilitated the
design of adaptive and intelligent MXene-based materials for applications in smart systems. Expanding beyond device optimization,
MXenes have demonstrated potential in Al-driven applications, including adaptive systems, dynamic response interfaces, and soft
robotics, where their unique electrical, thermal, and mechanical properties are particularly advantageous.

Fig. 40 showcases the integration of MXene-based materials into advanced devices, emphasizing their multifunctionality in sensor
arrays and memristive systems. Panel (a) displays an array of sensors with a scale bar of 3.25 mm, highlighting their compact design
suitable for precise sensing applications. The corresponding circuit diagram in panel (b) illustrates the connectivity of the sensor array,
enabling efficient signal processing and data acquisition. Panel (c) presents the measured output current signals, validating the array’s
responsiveness under operational conditions [831]. (d) focuses on the Ag/VoC/W memristor, a key component with exceptional
electrical properties. This memristor is further demonstrated in panel (e) as an artificial synaptic neuron, showcasing its potential for
neuromorphic computing and brain-inspired applications. Panels (f) and (g) detail the fitting models of the memristor, providing
critical insights into its electrical response and functional characteristics. Finally, panel (h) explains the conductive mechanism of the
memristor, shedding light on its charge transport pathways and operational principles [832]. Collectively, it underscores the versatility
and potential of MXene-based composites in advancing next-generation sensing and computing technologies. This integrated
perspective provides a comprehensive understanding of the evolving intersection between Al and MXene composites, positioning them
as key players in the development of next-generation intelligent systems

9.2. ML & DL - a generalized approach

Machine learning (ML) techniques offer a broad and robust framework for enhancing the performance and properties of MXene-
based composites. These composites, consisting of MXene sheets dispersed within a matrix, exhibit exceptional mechanical, electrical,
and electrochemical properties, making them highly attractive for various applications. Leveraging machine learning to develop and
optimize these composites can significantly accelerate the discovery of novel materials with tailored properties. Deep learning (DL)
enables multi-layered models to learn data representations by processing them in their raw form, which is not feasible in traditional
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Table 10
Comparison of Machine learning with Deep learning in various aspects
Aspect Machine Learning Deep Learning
Network Depth Shallow networks with limited layers Deep neural networks with multiple layers
Feature Engineering Manual feature extraction and selection Automated feature learning from raw data
Training Data Size Performs well with small to medium data Requires large amounts of data for training
Computation Power Less computationally intensive Highly compute-intensive, often requiring GPUs
Interpretability It is more accessible to interpret model predictions Complex models that are often harder to interpret
Use Cases Adequate for more straightforward tasks and datasets Excels in complex tasks like image and speech recognition

machine learning. The generalized workflow of the ML and DL is shown in Fig. 41. These approaches significantly enhanced the
precision in diverse image processing areas, including voice recognition, face identification, object detection, and biomedical appli-
cations [833]. The comparison of Machine learning and Deep learning is given in Table 10.

9.3. Data collection and processing

Data selection is a detailed process of examining the data’s kind, quality, and format. High-quality data may help avoid including
inaccurate, incomplete, or unnecessary information; hence, researchers should get data from reliable sources. In 2011, the United
States introduced the Materials Genome Initiative to emphasize the significance of extensive data in advancing materials research. This
initiative aggressively advocated for the creation of a material database. Computational materials research has historically used several
material databases, including the Inorganic Crystal Structure Database, Material Project, Open Quantum Material Database,
AFLOWLIB, Computational Materials Repository, and Harvard Clean Energy Project. [834-836]. Furthermore, text-mining technology
has been used to extract pertinent literature on items to enhance current databases. Raccuglia et al.[837] suggested using machine
learning to train a model using failure data from unsuccessful experiments to apply data processing in materials science. The re-
searchers used empirical data from unsuccessful or less effective hydrothermal synthesis operations to build a machine-learning al-
gorithm to forecast the formation of template vanadium selenite crystals. This approach surpasses conventional manual analysis and
has an accuracy rate of 89% in predicting the formation circumstances of novel organic template inorganic compounds.
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Fig. 42. Representations of a chemical structure in Machine learning. Reprinted with permission [838].
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There are currently four primary categories into which materials science data can be divided: data from chemical reactions (such as
rates of reaction and temperatures), data from images (such as scanning electron microscope images and photos of material surfaces),
data from testing and simulated property measurements (such as chemical, thermodynamic, structural, physical, and dynamic
properties), and information from published sources. The data can be classified as discrete (words), continuous (vectors and tensors),
or weighted graphs. Combining data from numerous databases and formats is difficult due to diverse data storing methods.
Furthermore, the proper data format is determined by the individual machine-learning method. As a result, it is critical to standardise
the data format and select an appropriate data model for algorithmic machine learning during data processing. Data formats include
SMILES, Coulomb matrix, fingerprint, and the weighted graph. [838-842]. Fig. 42 depicts several visualizations of a molecule.

Rong et al. [39] partitioned the whole dataset into a training set and a test set, maintaining a ratio of 4:1. Three different models
were trained using the training set to predict the mechanical characteristics of MXene/nano-cellulose hybrid aerogels. Subsequently,
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Fig. 43. Machine learning models such as Random Forests, SVM, and ANN provide prediction values. (a) Prediction values of SVM. Predictive
values of the Random Forest model (b). (c) The importance of the random forest model’s input attributes. (d) Structure of artificial neural networks.
(e) Singular neurones are located in the subsurface layer. (f) Synthetic neural network mode predictive values. (g) The performance of the model
trained using two input parameters was chosen at random. The quantities C, D, and L, respectively represent the average diameter, average length,
and average carbon fibre content. Reprinted with authorization. Reprinted with the permission of the ref.R[39]. Nevertheless, manual feature
engineering is not an optimal option. The constraints imposed by human experience make it challenging to identify the most significant charac-
teristics for predicting the target. Furthermore, manually designing features necessitates a more substantial expenditure of both labour and
computing resources
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they employed the data to validate the accuracy of these models. Initially, they began the training process of a Support Vector Machine
(SVM) model. SVM uses a kernel function to convert nonlinear data into a high-dimensional space so that it can be separated linearly.
Turning the regression problems into a group of linear formulas for resolution leads to faster training and better accuracy. [843] They
employed the kernel function of the Gaussian distribution to create an SVM regression approach to anticipate the aerogel mechanical
characteristics. The model’s score for R? of 0.867 indicates a good match. The mean square error (MSE) was 4.07, which was the mean
squared difference between anticipated and actual values. These findings suggested a considerable relationship of input and outcome.
They analysed the three input attributes using a random forest regression model. The mechanical properties of aerogels were estimated
using random forests. Several training sets were used to train a large number of decision trees. The mean output value for all decision
tree elements was then determined. [844]. Because the regression decision tree’s output is discontinuous, it is often used when there is
a need for poor accuracy. The prediction results of the Random Forests model are shown in Fig. 43 b. The model’s R? score is 0.79, and
its MSE is 4.94. Furthermore, the random forest model can also determine the significance of each input characteristic based on the
priority assigned to distinct leaf nodes (Fig. 43 c). The relevance of the Ti3CyTx amount, average carbon fibre length and diameter is
0.51, 0.27, and 0.22, respectively.

To improve the accuracy of forecasting the mechanical properties of hybrid aerogel and evaluate the feature significance con-
clusions obtained from the RF model, an ANN model was created (Fig. 43 d-e). Three hidden layers, an input and an output, make up
the ANN model. A neuron was found in every buried stratum. Layers may be activated using the Sigmoid function, and training requied
an average learning rate of 0.005. A set of weight parameters was used to transmit the input properties to the concealed layer neurones.
The model’s output is then sent to the hidden layer neurones by feature transfer and nonlinear transformation. Fig. 43 f displys the
model’s results. The ANN model finely adjusted the connection between each neuron via numerous nonlinear layers and many weight
parameters. This allows the ANN to adapt to different nonlinear input characteristics effectively. Thus, the Artificial Neural Network
(ANN) model outperforms the SVM and random forest models. To examine the significance of various characteristics, they chose two
distinct properties as the input for training the artificial neural network. Fig. 43 g displays the findings. Compared to the other two
examples, the model performance was superior when using Ti3CyTx content and average carbon fibre length as inputs. This conclusion
aligns with the feature significance provided by the random forest model.

The advent of deep neural networks has eliminated the necessity for human feature development, which might eventually become
standard procedures in materials research machine learning.

9.4. Training and testing the data with ML/DL algorithms

The learning model is constructed using the provided band gap data set {X, y}, where the expected GW band gap is represented by
y, while the input set of capabilities is denoted by X. Please refer to schematic Fig. 44. for a visual representation of the work flow of a
model. X = {x;}; i = 1 to n comprises n distinct characteristics (n = 47). These key characteristics are calculated properties of the
MXene, including the mean and standard deviation (std) of elemental values.

Data preprocessing standardizes the values of various variables to address significant variation. This results in a standardized X
with a mean of 0 and a variance of 1. Statistically significant outliers are data points with substantial residual or high leverage that
might negatively impact model fitting.

L) =ly —Xp |3 +allp Iz

To achieve a quicker and more efficient model, it is preferable to have a lower number of features. Therefore, we aim to identify a
smaller collection of essential characteristics. Feature reduction is achieved using Lasso, a regression approach for regularization and
feature selection. The task entails minimizing the L2 norm, the sum of the squared differences and regularizing the L1 norm, which is
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respectively, and the amount of shrinkage is controlled by .

Concisely, we have created machine-learning algorithms that can accurately estimate the band gap of MXene. We produce 23,870
MXene structures, then randomly choose 7,200 to form a database that includes computed optimized structural and electrical attri-
butes. Based on the distinction between metal and semiconductor materials, a classification model was constructed and achieved an
accuracy rate of 94%. A total of 76 semiconducting MXenes were chosen to build a predictive model.

9.5. Process and property optimization

Particle Swarm Optimization (PSO) is a well-known metaheuristic optimisation method that draws inspiration from social
behaviour in nature, including fish schools or flocks of birds. When applied to the field of materials science, specifically for optimizing
MXene materials, it can play a crucial role in enhancing the properties and performance of MXenes. Here is a detailed breakdown of
how PSO can be leveraged for optimizing MXene properties:

1 Objective Function Definition:

Define the objective function that needs to be optimized based on the specific properties of MXenes you aim to enhance.

Parameters like synthesis temperature, precursor ratios, post-treatment conditions, etc., can be part of the objective function.

2 Particle Representation:

Each particle in the swarm represents a potential solution.

In the context of MXene optimization, each particle could encode different experimental conditions or parameters.

3 Initialization:

Initialize the swarm with a set of random solutions within the search space defined by the parameters for MXene synthesis and
properties.

4 Fitness Evaluation:

Evaluate the fitness of each particle based on how well it performs according to the defined objective function.

Simulate MXene properties corresponding to each particle’s solution.

5 Velocity and Position Update:

Depending on its ideal position and the best location obtained by any single particle in the swarm, update the velocity and position
of each individual particle. This helps particles converge towards better solutions over iterations.

6 Iterative Optimization:

Run multiple iterations where particles adjust their positions iteratively, searching for improved solutions.

These iterations simulate the optimization of MXene properties over successive experimental trials.

7 Convergence and Solution Extraction:

Monitor convergence criteria to stop the algorithm when a satisfactory solution is obtained.

Extract the best solution found by the swarm as the optimized set of parameters for enhancing MXene properties.
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8 Experimental Validation:

Implement the optimized conditions in actual MXene synthesis experiments to validate the improvements in properties achieved
through PSO optimization.

Applying PSO to optimize MXene properties can significantly enhance the efficiency and effectiveness of material design processes,
leading to tailored MXene materials with improved characteristics for various applications. Fig. 45 shows the schematic of the opti-
mization algorithm.

To assess the performance of each particle and determine whether they satisfy our desired purpose, the function associated with
fitness is presented in this paper. Section 2.2 discussed a machine learning-based model for prediction that was used to obtain the
values of the fitness function. Fig. 45 illustrates the steps involved in creating the screening framework for the MXene single nanopore
barrier saltwater decontamination system utilising the PSO technique.

1 Initialisation of the population entails specifying the size of the population, the range of parameters, the range of speeds, and the
maximum number of repetitions. An arbitrary starting the particle population is formed, and each particle is assigned a random
position and speed. The membrane material determines several factors, including the placement of the particles, driving pressure, pore
area concentration, hole shape, and charge value of the coefficient. The corresponding ranges of these factors are presented in the
given information. The starting velocity value is a randomly generated integer from O to 1.

2 Each particle’s capacity value is calculated, and its ideal position and value are then modified. The XGBoost model is used to
evaluate the flow rate of water and the rejection of the salt rate of the new particle. Multiplying the salt rejection rating by 0.5 and the
water flow value yields the new particle’s fitness function value. [846].

3 The global optimal location is updated by selecting the ideal place from the collection of all particles’ best positions. 4. Every
particle’s position and speed are altered. The iteration process is carried out repeatedly until the set maximum amount of iterations is
reached.

9.6. Integrating DFT with ML and DL

Integrating Density Functional Theory (DFT) with Machine Learning (ML) to studying MXene and MXene-based composites pre-
sents a significant opportunity to enhance the understanding and predictive capabilities in material science. DFT offers precise
electronic structure information, while ML techniques can analyze the data obtained from DFT simulations to uncover complex
patterns and correlations, enabling the discovery of new material properties and accelerating materials design and optimization
processes. The integration of these two approaches can lead to the creation of forecasting models for different material characteristics,
providing deeper insights into the structure-property relationships of MXene and its composites. This multi-faceted approach has the
potential to revolutionize the discovery and design of complex materials, which facilitates the production of electrical parts, catalysts,
and cutting-edge energy storage devices that use MXene along with its composites. [847,848].

The ML and DFT integrated framework is shown in Fig. 46.
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Fig. 46. Schematic representation of DFT integrated ML framework. Reprinted with permission [849]. Boonpalit et al. [849] demonstrate how to
effectively screen transition-metal coated MXene for possible use in CO sensing systems by combining active learning with density functional theory
examination methods. The process of analysing and processing data using artificial intelligence (AI) techniques and algorithms to create intelligent
platforms and applications is known as the AL pipeline. The MXene screening procedure is completed much more quickly, and the amount of effort
involved in DFT annotation duties is reduced when a crystal network convolutional neural network is used as a surrogate model. We highlight that
the costs related to high-throughput screening can be reduced by active learning. This may be achieved by closely observing the model’s behaviour
and making informed decisions about whether to explore or exploit the search space. The research identified Y@Zr3C,05 and Sc@Zr3Co05 as the
most suitable MXene candidates for detecting carbon monoxide (CO). These individuals perform exceptionally well regarding stability, recovery
time, and CO sensitivity. The proposed AL framework extends the possible uses beyond MXene and CO detection by offering a versatile tool for
optimising characteristics in the combinatorial chemical space. This technique is a new approach to improving the creation of materials and op-
timization’s efficacy and efficiency in many scientific and commercial uses.
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9.6.1. Physics-Informed Neural Networks (PINNs) for MXene-based composite

Physics-informed neural networks (PINNs) have emerged as a robust framework for tackling complex physical phenomena,
including those found in MXene-based composites. By integrating domain-specific knowledge and physics-based constraints into
neural network architectures, PINNs offer a unique approach for efficiently modelling and optimizing the properties of these materials
[850,851].

9.6.1.1. Advantages of PINNs in MXene-Based Composites:. 1 Incorporating Physics Constraints:

PINNSs enable the encoding of known physical principles and relationships into the neural network’s training process. For MXene-
based composites, this allows the inclusion of material properties, interfacial interactions, and mechanical behaviours within the
model.

2 Data-Efficient Learning:

PINNs can effectively learn from limited and noisy data, making them suitable for scenarios where experimental data on MXene
composites may be scarce or incomplete.

3 Uncertainty Quantification:

PINNs provide a framework for estimating and quantifying uncertainties in the predictions, which is crucial for assessing the
reliability of composite property predictions in the presence of limited or noisy data.

4 Interpretability:

Physics-informed constraints in PINNs can lead to more interpretable models, allowing for insights into the underlying physical
mechanisms governing the behaviour of MXene-based composites.

9.6.1.2. Application of PINNs in MXene-Based Composites:.
1. Modelling Mechanical Properties:

By incorporating mechanical constraints and material behaviour laws into the model, PINNs can predict mechanical characteristics
such as fracture behaviour, Young’s modulus, and tensile strength.

2. Optimization of Processing Parameters:

PINNs enable the optimization of processing parameters for MXene composites by considering physical constraints during the
training process. This can lead to more efficient and tailored manufacturing processes.

3. Predicting Electrical and Electrochemical Behavior:

PINNSs can capture the complex interplay of electrical and electrochemical properties in MXene-based composites, facilitating the
creation of substances for electrocatalysis and applications that store energy.

4. Material Property Design and Discovery:

By integrating physics-based constraints, PINNs can aid in rapidly designing and exploring new MXene-based composite formu-
lations with targeted properties, accelerating the materials discovery process.

9.7. Enhanced Understanding and Development:

By using physics-informed artificial neural networks, researchers can gain deeper insights into the complex physics that regulate
the behaviour of MXene-based hybrids. This approach contributes to developing accurate predictive models and provides a platform
for optimizing composite properties while considering the underlying physical principles. As a result, PINNs hold substantial promise
for advancing the design, optimization, and understanding of MXene-based composites across various applications [851].

10. Materials Discovery and Design
10.1. High-Throughput Screening (HTC)

MXenes are perfect candidates for HTC and machine learning approaches because of their well-defined structures and, vast
configurational and compositional space. This is especially true when solid solutions and nonstoichiometric MXenes are considered.
While precise and quantitative forecasts are ideal, synthesis attempts might be aided by identifying consistent patterns in the prop-
erties of trustworthy materials. Tan et al. [852] used the cluster expansion approach in conjunction with first-principles DFT to conduct
HTC of the structural stability of binary MXene alloys [852,853]. They discovered that Mo often occupies the external sheets of Mo-rich
MXenes (M;_xMoy)3Cy and that the anticipated ordering is stable even at high temperatures. The ideal Ti position in the Ti-combined
MXenes hangs on the alloying metals.

80



V. Dananjaya et al. Progress in Materials Science 152 (2025) 101433

As computing technology and software have advanced, high-throughput computation, or HTC, has become a potent tool for
investigating the chemical space of various materials. It does this by creating massive datasets, which may then be filtered for certain
desired qualities. These two procedures can be used in a guided optimization for specific situations when the desired attribute is
known. Numerous computational additional material resources have recently been added. to the previously experimentally oriented
materials databases, such as the Crystallography Open Database (COD) [854] and the Inorganic Crystal Structure Database (ISCD)
[855]. These consist of the AFLOW database [44], the Materials Project (MP) database [856], and the Open Quantum Materials
Database (OQMD) [857]. After the databases are put together, content is screened for specific issues. For example, Zhang et al. used the
band-edge locations and stability as criteria for an HTC screening of two-dimensional intersections in the MP record for photocatalytic
splitting of water [858]. To investigate new inorganic phosphors for light-emission, Cheng et al.[859] carried out a computational
screening, which was then verified empirically. Machine learning based on neural networks has recently been using computational
materials databases. Interatomic potentials and other energy-related characteristics have been predicted using artificial neural net-
works (ANN).

HTC has additionally been utilised to find MXene, which shows promise as a catalytic material. Chen et al. [860] conducted the
HTC assessment on the M2CO3 single- and double-metal MXenes’ HER activities. After discovering that a new descriptor—the electron
number gained by the outermost O atom- could accurately assess the HER operation, TiVCO5 was expected to be an intriguing HER
catalyst. As shown in Fig. 47, Rajan et al. [798] proposed an ML algorithm to predict bandgaps of functionalized MXenes accurately.
Among 23,870 MXene candidates in the database, 76 semiconducting MXenes were selected to establish the predictive model via the
supervised ML [57].

More complicated structures or a more enormousmore extensive variety of compositions may be explored because ofof the ANN’s
quicker assessment than a total quantum mechanical computation. The prediction of materials with certain traits or attributes is
another everyday use for shrinkage and decision tree approaches [861]. The minimum extreme shrinking and selection algorithm
(LASSO) or its improved version is used for feature regularisation and dimensional reduction. To avoid the high computational expense
of accessing high-dimensional descriptors [862]. Goldsmith et al. [863], offered a practical example of applying machine learning-
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based descriptors to forecast the composition and power of rocksalts. Using the ML approach, Heracleous et al. [864] examined the
stability of monolayer metal oxides (MMOs) that are both balanced and nonstoichiometric.

HTC was also used to find MXene, which possesses, attractive catalytic qualities. the Chen et al. [822] carried out the HTC screening
about M,CO; solitary and dual metal MXenes’ HER activities. TiVCO4 was subsequently anticipated to be a viable HER catalyst after it
was shown that a new descriptor, the electron number obtained by the surface O atom, could accurately assess the HER activity [827].
Rajan et al.[806] presented an ML approach to precisely forecast the bandgaps of functionalized MXenes.

Approximately, 76 semi-conducting MXenes were chosen among 23870 MXene candidates in the database to use supervised
machine learning to create the prediction model. Eventually, fifteen key characteristics were produced by the LASTOSO approach,
which ironically did not contain the thermodynamic or DFT bandgap inputs. Pearson’s correlation coefficients show that there isn’t
much of a link between these qualities.

Four techniquesand are bootstrap aggregating (bagging), support vector (SVR), kernel ridge (KRR), and Gaussian process (GPR),
and are now often employed to train machine learning models [865]. When predicting MXenes’ band gaps, KRR and SVR were shown
to be more practicable and promising than other approaches because of their comparatively low root-mean-squared error (rmse)
(Fig. 48). The mean boiling point and volume/atom were initiated to be more dependable than the others for learning models and to
have a strong positive correlation with band gaps in GW [798].

Although it is easy to predict that HTC and ML will continue to grow in the MXenes domain, since most straight calculations are
impossible due to complex processes and a wide range of important length scales, their application is likely to be particularly important
for qualities like capacitive efficiency and electrocatalysis. For example, good rate performance requires optimizing ionic diffusivity,
yet diffusivity is difficult and challenging to determine directly using sophisticated techniques.

10.2. Materials Informatics

MXene material informatics specifically refers to leveraging machine learning techniques to analyze and predict the properties and
applications of MXene materials, a novel and highly promising class of 2D materials. While “machine learning” is a broad field
encompassing various algorithms applicable across diverse domains, materials informatics for MXene research remains relatively
underexplored. More or less, MXene material informatics and the machine learning of MXene refer to the same domain, emphasizing
data-driven methodologies tailored to MXene materials. Including this section aims to provide insights into the emerging intersection
of MXene and material informatics, offering a foundation for further advancements in this area [39,845,866].

Recent studies have demonstrated the potential of integrating MXenes into material databases, employing machine learning-driven
approaches for property prediction, structural optimization, and application exploration. For example, machine learning models have
been applied to screen MXene compositions for energy storage, catalysis, and electronic applications, revealing new opportunities for
functional material design. Additionally, multiscale modeling techniques have been used to bridge theoretical predictions with
experimental validations, further enhancing the utility of MXene in practical applications. In materials informatics, computers are
actively used to analyze large amounts of complicated material data, uncover PSPP linkages, and hasten the creation of novel ma-
terials. It usually relates to the interdisciplinary nature of materials science and machine learning. In the early years of the twenty-first
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Fig. 48. MXene’s band gap predictions. Scatter plots compare band gap forecasts to true (i.e., GW) gaps of essential basic (top panel) and com-
pounded (bottom panel) feature configurations. The best model predictions are shown using R2 and rmse (train/test) of the (a,e) KRR, (b,f) SVR, (c,
g) GPR, and (d,h) bagging data, which correspond to 90% training (coloured red) and 10% testing (coloured green). Reproduced figures are
authorized from Ref [798].
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century, the idea of materials informatics was put out. It comprised the rapid and reliable gathering, organizing, sharing, and data
analysis. The objective was to lower the cost and development cycle of novel materials while gaining a more thorough and accurate
understanding of materials. Over the last twenty years, machine learning has demonstrated a strong potential for use in materials
science [867]. Research has validated the excellent performance of several candidate materials, and machine learning (ML) offers a
sufficient supply of acceptable materials in the data-rich materials sector [867]. ML has aided in the advancement of materials research
in recent years by using a variety of data types [868-870] without regard to property restrictions. ML in materials science is still
relatively new and has several challenges. For instance, ML models built on tiny databases do not always have optimal accuracy [871].
Furthermore, the choice of data is still primarily based on the researchers’ intuition30, and how the data is represented has a significant
impact on how well the finished model performs. However, the majority of relevant reviews concentrate on applying machine learning
to a particular class of materials [872-874], while other reviews that include in-depth explorations of fundamental concepts have
established a, robust framework for the advancement of materials informatics [875]. Based on various algorithms, materials, and
research orientations, those works offer chances for a more methodical and thorough description of materials informatics.

10.3. Predictive Analytics for Applications:

The development of databases and machine learning techniques has made it possible to conduct high-throughput searches for
specific electrical characteristics of a variety of various materials [876-878]. For example, the thermodynamic, structural, and elec-
trical characteristics of materials such as MXenes are stored in databases such as the Computational 2D Materials Database (C2DB)
[879] and 2DMatPedia [880]. Additionally, these databases can serve as training sets for machine learning models used to develop
electrical characteristic estimations [830], which are otherwise ascertained using DFT calculations. For example, Hashimoto et al.
[881] trained a Gaussian Process Regression model using bulk attributes from the Materials Project database. Based on the Fermi
level’s depth, this model approximated the work function in a short amount of time. Even though the work function was only
approximated, the speed at which it was measured allowed for the immediate detection of bulk compositions with high work function
values. A collection of properties characterizing MXenes was regressed to the electronic band gap by Rajan et al. [798] These char-
acteristics included bond lengths, atomic radii, and boiling/melting temperatures. The power of regression models, such as the ones
covered above, increases when the feature set can be created without the need for extra DFT computations. The physico-chemical
characteristics of the constituent components and a material’s structural details are two examples of such attributes. The aforemen-
tioned characteristics may be instantly ascertained from a database for any novel content that is not part of the first training batch.
Thus, by adding these characteristics to the machine learning model, the electrical properties may be directly calculated for the new
material [882]. In addition to predicting different characteristics of materials essential to applications in energy, catalysis, and
electronic devices, regression-based machine learning models also offer physical insights through feature significance evaluations
[44,883,884]. Lamoureux et al. employed a genetic algorithm in conjunction with a feature significance analysis to investigate how the
attributes characterizing catalytic nanoparticle stability change as the diameter of the particles does [885,886]. They demonstrated
that the most significant characteristics found by the machine learning model are similar to those employed by a linear model based on
physics in the limit of big nanoparticles [887]. According to Rajan et al., the volume per atom and mean boiling point of the constituent
elements are the most crucial characteristics for determining the electrical band gap of MXenes.

Although databases listing MXenes’ electrical characteristics are already common, there are still no predictive algorithms that can
calculate the work function of any generic MXene using pre-tabulated information. Furthermore, we still don’t fully grasp which
physico-chemical characteristics of MXenes result in their precisely adjustable work function. Building a computational framework
that not only forecasts the work function of MXenes but also explains how changes in the MXene composition affect the work function
is required to close these knowledge gaps. When building MXenes for various catalytic and renewable energy applications, where the
work function is a crucial performance indicator, such a framework might be a useful tool.

10.4. Data Integration and Fusion

A growing trend in the development of soft robotics is integration, miniaturization, and multi-functionalization. This trend is also
seen in the increasing integration of many types of devices, such as sensors, power sources, actuators, and so on. The most popular
approach is to incorporate a sensor with several characteristics [888]. A bimodal tactile sensor free from interference, for instance, that
can quickly and independently sense temperature and pressure without any crosstalk has been demonstrated by Ma et al. [845].
Furthermore, systems that combine sensing and energy storage capabilities provide fresh concepts for the creation of soft robots [889].
A MXene hydrogel pressure sensor, Lithium-ion microbatteries based on MXene, and silicon solar cells make up Zheng et al.’s [890] all-
flexible, self-powered, integrated system based on MXene. Actuation modules are essential in addition to energy storage units that
provide electricity and sensors that pick up external stimuli. Robots frequently have to do a variety of basic tasks for their jobs, such
walk, transfer, catch, and so on, all of which typically need actuators.

Parallel computing inspired by the brain One of the most promising technologies for effectively managing massive volumes of data
is “neuromorphic computing,” which runs on an architecture of hardware-neural network made up of many synthetic synapses and
neurons. In order to overcome the von Neumann bottleneck and Moore’s law constraints, memristors—artificial synapses with low
power consumption, fast speed, and tremendous scalability have been produced for neuromorphic and data storage technologies based
on a variety of 2D materials. Because of their extremely high conductivity, quick response of charge, high hydrophilicity and great
stacking density, 2D MXenes have a lot of potential applications in memristors.
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11. MXene-based composite in soft robotics

Adjusting the MXene composition and structure allows the mechanical features to be customized to meet specific requirements.
When creating flexible conductive films or aerogels, these 2D materials are the perfect choice. They can easily be combined with other
materials to achieve the desired results. Designing flexible electronics, like wearable sensors and strain sensors, requires materials with
exceptional elasticity and flexibility. MXenes, with their unique properties, hold great potential for applications in this field.

Soft robotics is an emerging discipline that creates robots using pliable and adaptable materials [891]. Soft robots, unlike con-
ventional robots composed of rigid materials, possess more adaptability and can execute challenging or unattainable tasks for their
inflexible counterparts [892]. Soft robotics can fundamentally transform several sectors, such as manufacturing, transportation, and
healthcare. Scientists are now investigating novel structures to fabricate pliable robots that imitate the motions and functionalities of
live beings.

The area of soft robotics is now in its nascent phase, although it harbors immense potential about robots and automation in the
future. Recently, there has been research on MXenes with high electrical conductivity and hydrophilicity. These MXenes have shown
great promise in soft electronics and robotics due to their ability to absorb light and their photo-/electrothermal characteristics [893].
Various applications of MXene-based materials are tabulated below in Table 11.

Stimuli-responsive behavior may be achieved by designing soft actuators using multifunctional MXene-based materials. The
numbers provided are [895,899-901]. Bilayer actuators were created by combining MXenes (Ti3CyTx) with low-density polyethene
(LDPE). These actuators have programmable configurations and exhibit biomimetic behaviors. The design uses the remarkable light
absorption and electrothermal and photothermal features of MXenes (Fig. 49) [893]. These bilayer actuators may be controlled by
adjusting the temperature of the thermal regulating. By combining numerous actuation units, biomimetic activities can be achieved in
many applications, such as mimicking the flight of birds, constructing a synthetic iris and using robotic arms. In addition, the created
actuators demonstrated untethered mobility, including crawling, sailing, and rolling. The first MXene-based soft robots showed the
ability to move on the ground in different configurations. Additionally, they could navigate on the water in any specified direction and
perform surface freight transportation. This was achieved using a near-infrared laser to drive the robots via the Marangoni effects that
are photothermal [893]. MXene is ideal for this purpose because of its exceptional light absorption and photothermal and electro-
thermal properties, outstanding electrical conductivity, photothermal solid conversion capacity, and surface hydrophilicity. MXene-
based materials’ photothermal effects may be harnessed by soft robotic systems for a variety of uses thanks to theirflexibility, ther-
mal conductivity, tunability and self-healing properties. These soft robotic systems include actuation, sensing, and manipulation.
Localized heat was used to cause these systems to alter form, respond, or move in a regulated way. [902,903].

Due to its exceptional ability to deform upon light stimulation, the MXene film has excellent potential as a critical element in
developing efficient photo actuators powered by natural sunshine. Fig. 50 a. illustrates the composition of the actuator, which consists
of an MXene/polyethene (PE) bimorph structure. In this case, a bimorph structure is used because of its ability to produce bending
motion via the two layers’ mismatched deformation. This mismatch allows for the optimal performance of the MXene film in actuator.
Commercial polymer materials include PEwith a significant thermal expansion coefficient, measuring around 500 x 107 /°C. Also,
the bimorph actuator is created by connecting the PE film to the lower surface of the MXene film, resulting in the supreme deformation
of bending of the output. When exposed to light, the MXene film undergoes bending deformation caused by contraction. Simulta-
neously, it converts light into heat energy by capturing it, which raises the PE film’s temperature, resulting in its thermal expansion.
This actuator may accomplish a significant bending deformation due to its bimorph construction. The bimorph actuator demonstrates
exceptional performance in actuation when powered by sunlight. Fig. 50 b indicates that when the actuator is in direct sunlight (80

Table 11
Prominent applications of MXene-based materials in the field of soft robotics
MXene materials Applications Advantages References
V,CTy cathode and Ti3C, with Zn Stretchable Zn-ion hybrid batteries Significant deformability, Ultrathin apparatus, exceedingly low [894]
decorated anode and flexible robotics that are self-discharge rate (0.7 mV h™), and reduced areal weight (E20 mg
magnetically actuated em'2). Superior elasticity, exceptional cycling capabilities, and
strain-resistant specific capacities.
Composites of MXene (Ti3CyTy), Soft actuators Outstanding flexibility and mechanical properties, as well as [895]
polydopamine, cellulose actuation capabilities, Outstanding durability, ultrahigh tensile
nanofibres strength, and high modulus of elasticity; strong hydrogen bonding
interaction
Integrating GO, montmorillonite, Soft robots resembling batoids and Strain sensing, thermoregulation, stretchability, and threat [891]
and MXene into hydrogels robots that walk like origami protection Integration at a high level of skin -mimicking capabilities
Fluoride-polyvinylidene MXene Flexible solar trackers Outstanding optical and thermal capabilities for flexible robotics, [896]
(Ti3C,Ty) actuators superior mechanical durability and strength. There was no
discernible decline in actuator performance after 41,000 cycles.
MXene (TizC,Ty)-graphene oxide Actuators and sensors that are This material exhibited a significant bending angle and may [897]
films powered by moisture respond to undergo reversible deformation. It can bend at a pace of up to 32
humidity changes. degrees per second and has durable longevity, excellent riding
endurance, and linear susceptibility to changes in humidity. The
material exhibited excellent biocompatibility and flexibility.
Metal-organic framework (MOF)- Artificial muscles Electrodes that were both electro-ionically active and mechanically [898]

MXene nano architecture

flexible. Outstanding electrochemical and electrical efficacy.
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Fig. 49. MXene/LDPE bilayer actuators with many functions and configurable settings [893].

]

mW/cm?) in its natural environment, it produces bending deformation with a maximum bending angle of 346°. In addition, a more
authentic biomimetic robot, designed to resemble an actual inchworm, has been created. This robot can crawl on a fallen leaf in its
natural habitat using solar energy as its power source (Fig. 50 d). Notably, while the “inchworm” crawls, as an ant on the leaf. The ant
may be lured towards the “inchworm, ” moving towards it by crawling, and establishing physical contact with it.

Using a conformal covering of MXene nanosheet frameworks on polymer chains composed of polyacrylamide and sodium alginate
grafted with dopamine/phenylboronic acid, MXene-based nanocomposite hydrogels were created. For 10 days, the nanocomposite
hydrogels showed remarkable self-adhesion and sustained moisture retention. These people worked on creating wearable epidermal
sensors with outstanding stability to detect different types of human motions. These movements include significant deformations such
as finger and wrist bending and subtle deformations like eating, pulse, and breathing [889].

Ma et al. [905] discovered that MXenes (Ti3C2) may form a uniform self-healing structure. They also observed that MXenes and
graphene oxide can create a mixed self-healing structure when exposed to moisture treatment (Fig. 51). The hydration-induced
expansion of MXenes and graphene oxide, along with the reunion of hydrogen-bond networks following the removal of water,
were identified as the causes of the self-healing behaviour. Hydration significantly increased the MXenes and graphene oxide interlayer
spacing, making it easier for MXene and GO sheets to intercalate at the damaged parts. After moisture treatment, the self-healing
MXenes demonstrated impressive tractability and mechanical robustness by recovering their mechanical characteristics and con-
ductivity to 487% of their original value. The grouping of MXenes and graphene oxide in multiform heterostructures can be used in the
construction of freestanding soft electronics, such as temperature sensors or pressure sensors, as well as soft robotics. These hetero-
structures exhibit remarkable self-healing characteristics [905].

11.1. Actuation mechanism types
MXenes in soft robotics fall into numerous kinds dependent on their actuation method, which are briefly explained here. Hybrid
systems may be created by combining or customizing actuation mechanisms for MXene soft robots, improving performance and ca-

pabilities. The following table lists the various actuation types and their advantages. Multiple kinds of actuation and its advantages are
given in Table 12.

11.2. Influencing factors and considerations

The stability of MXenes is a crucial issue that must be resolved for their practical use. Various elements, including the chemical
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Fig. 50. Bimorph actuator operating due to solar radiation. (a) Diagrammatic illustration of the I-MXene/PE bimorph actuator. (b) Optical pictures
show the bimorph actuator’s reversible bending deformation under sunshine. (c) Photographic and IR thermal diagrams of the bimorph actuator’s
light-driven operation (d) Natural sunlight drives a biomimetic “inchworm” automaton to crawl in a specific route on a fallen leaf in its natural
habitat. As the “inchworm” crawls over this leaf, an ant arrives and makes contact with it—reprint with permission [904].

environment and inherent qualities, as well as factors such as atmospheric conditions, temperature, chemical composition, micro-
scopic structure, and the presence of water, might impact the structural integrity of MXenes.

Furthermore, much research has been conducted on utilizing graphene and its derivatives in developing electrostatic, electro-
thermal, and ionic actuators. The next step in this subject is comparative research to analyze the performance and features of these
materials alongside MXenes. MXene-based materials have demonstrated significant promise for application in soft robotics owing to
their distinctive characteristics, including mechanical robustness, electrical conductivity, and adjustability. However, certain draw-
backs, obstacles, and restrictions are still associated with their properties and utilization that must be addressed, as elaborated in
Table 13.

12. Challenges and Future Works

MXene-filled composite structures present a cutting-edge frontier in materials science, integrating the unique properties of MXenes,
two-dimensional transition metal carbides or nitrides, with composite materials. The synthesis of these advanced structures poses
multifaceted challenges, as achieving uniform dispersion and bonding between MXene layers and the composite matrix requires
precision [479,919,920]. Controlling the loading levels of MXenes is crucial for optimizing mechanical, electrical, and thermal
properties [531]. Achieving homogeneity and avoiding agglomeration during synthesis is a persistent challenge, demanding inno-
vative techniques and methodologies [921,938]. Furthermore, the inherent reactivity of MXenes demands meticulous handling to
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Table 12
Different actuation types and their advantages.
Actuation type Description and advantages References
Electrochemical - In the presence of various stimulis, MXene act as an actuator.- When an electrical stimulus is applied, electroactive [906]
actuation polymers can change their shape or size.- These polymers can be used in soft robotic structures for precise and controlled

movements.- These materials can be manipulated to achieve desired motions with the application of electric fields.-
MZXene bahve like a functional filler in an actuator made of electroactive polymers- The study also involved a MXene-
Nafion composite actuator.
Pneumatic actuation - Pneumatic actuation allows for flexibility and controllability in robot motion.- Pressurised air or other gases are used to [907,908]
drive the movement of MXene soft robots.- Robotic systems usually include soft and inflatable structures that can change
shape or volume by pumping air in or out of them.

Shape memory Shape-memory alloys and polymers are certain actuator materials that can revert to their original shape after being [895,909]
actuation distorted, often by applying heat or electrical stimuli. Soft robots using MXene may undergo form changes or be induced
to move by applying heat or cold to the shape-memory alloys/polymers, enabling programmed movements.
Magnetic actuation Magnetic fields may activate soft robots made from MXene materials. By integrating magnetic materials or composites ~ [909,910]

containing MXene with magnetic particles, these robotic systems may be regulated and maneuvered utilizing an external
magnetic field. An example of a dual-mode biomimetic soft actuator was created utilizing MXene film. This actuator has
both electrothermal and magneto-responsive capabilities. It may be incorporated into the wings of a biomimetic
dragonfly when exposed to a magnetic field.
Ionic actuation Tonic actuation utilizes ionic fluids or gels as actuators in soft robotics. Hence, when an electric field is provided, ions [910]
within the liquid or gel undergo migration, leading to the actuator’s expansion, contraction, or bending, ultimately
resulting in the robot’s movement.
Photo responsive Photothermal actuators use the formation of heat by light to initiate mechanical motion or actuation. This is achieved by =~ [911,912]
actuators using the expansion or contraction caused by the thermal effects to provide the necessary mechanical movement for
actuation. The actuation mechanism often uses a material that absorbs light energy and experiences a photothermal
effect, resulting in localized heating and subsequent expansion or contraction. Among the materials presented, MXenes
stand out due to their distinctive photothermal capabilities. Their unique layered structure and metallic conductivity
make them ideal candidates for photothermal actuation. MXenes, when subjected to light, undergo photon absorption
and then transform the optical energy into heat via mechanisms including plasmon resonance or inter-band transitions.

prevent oxidation or other chemical transformations during the synthesis process, adding complexity to the production of these
materials [922].

Regarding properties, the challenge lies in harnessing the full potential of MXene-filled composites while maintaining structural
integrity. Achieving a balance between enhanced mechanical strength, electrical conductivity, and thermal stability requires a
nuanced understanding of the interaction between MXene layers and the composite matrix [478,923]. Additionally, the scalability of
synthesis processes poses a challenge in realizing large-scale applications [914]. Integrating MXene-filled composite structures into 3D
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Table 13

Limitations and considerations of MXene in Soft robotics.
Limitations Reason References
Fabrication Complexity Synthesis and assembly procedures often require aggressive chemicals and specialized equipment, which limits the [895]

potential for scaling up and making MXene-based soft robotics more accessible. However, the extent of these limitations
may vary depending on the particular applications and desired characteristics.

Artificial energy Specific soft actuators based on MXene materials need an external energy input, such as an electric field, to operate. [913]
requirement This dependency might impose restrictions on their use in real-world scenarios.
Multi-stimulus response Certain soft actuators based on MXene materials have a restricted range of responsiveness, limited to just one specific [913]

stimulus, such as heat or light. This lack of variety hinders their adaptability and flexibility. Therefore, it is crucial to
build soft actuators based on MXene that can respond to many stimuli, such as natural sunlight, human touch, and other
sources.
Flexibility MXene-based materials have excellent mechanical capabilities, but their flexibility must be enhanced to be effectively ~ [900]
used in soft robotics applications. These materials often have less stretchability than soft materials widely used in soft
robotics, such as elastomers or hydrogels. The limited extensibility of soft robotic systems may impede their capacity to
achieve a wide range of motion or deformation.
Cost and scalability The primary economic issue for MXenes is the expense involved with its manufacturing. Manufacturing MXene-based  [914]
products on a wide scale may be expensive and require significant resources owing to the intricate and multi-step
synthesis and processing involved. Furthermore, the cost of MXenes may be influenced by the raw materials needed,
namely the MAX phase precursors. Specific precursors, such as titanium, tantalum, and niobium, are comparatively
costly.
Conductivity MXenes exhibit high electrical conductivity, although moisture absorption or tension may influence their electrical [477]
characteristics. Ensuring stable and dependable electrical conductivity in soft robotics systems based on MXene may be
difficult, particularly when exposed to deformation or environmental changes.
Thermal stability MXene compositions may have a limited capacity to withstand high temperatures, which may restrict the [915]
circumstances in which MXene-based soft robotic devices can operate. This is particularly true when the devices are
exposed to excessive temperatures or undergo thermal cycling.
Actuation capability MXene-based materials have restricted inherent actuation capabilities, implying that they may not inherently [47]
demonstrate a substantial change in form or motion in response to external stimuli. MXene-based soft robotic systems
may need additional actuation mechanisms or integration with other materials to achieve the necessary actuation.
Biocompatibility Despite attempts to enhance the biocompatibility of MXenes/derivatives, several MXenes still demonstrate cytotoxicity ~ [312]
or negative responses in biological systems. The constraint presents difficulties for MXene-based soft robots designed
for biomedical applications.

Complexity in Integrating MXene-based materials with other components or structures in soft robotics might be difficult. The distinct ~ [916]
integration mechanical characteristics, adhesion challenges, and compatibility concerns between MXenes and other materials may
require specific bonding methods or interface engineering tactics.
Environmental factors MXenes/derivatives may require chemicals and energy-intensive procedures, resulting in environmental consequences ~ [917,918]

if not well controlled.

printing methodologies introduces challenges related to printability, layer adhesion, and post-processing techniques [33]. Moreover,
the effective integration of machine learning in the design and optimization of these materials demands the development of robust
algorithms capable of navigating the complex parameter space associated with MXene-filled composites [924]. As researchers strive to
unlock the full potential of these materials, addressing these challenges will be pivotal in advancing their synthesis, understanding
their properties, and unlocking their diverse applications across various industries.

1. Synthesis Challenges:
o Achieving uniform dispersion and bonding between MXene layers and the composite matrix remains a complex task, requiring
precise methodologies.
o Controlling MXene loading levels is critical to optimizing mechanical, electrical, and thermal properties, but achieving homo-
geneity without agglomeration is a persistent challenge.
o Preventing oxidation and other chemical transformations during MXene synthesis demands meticulous handling and advanced
stabilization techniques.
2. Property Optimization Challenges:
o Balancing enhanced mechanical strength, electrical conductivity, and thermal stability requires a nuanced understanding of the
MXene-matrix interaction.
o Maintaining structural integrity while harnessing MXene properties is critical for large-scale applications.
3. Scalability and Integration Challenges:
o Scaling up synthesis processes to industrial levels while maintaining cost-effectiveness and reproducibility remains a major
obstacle.
o Incorporating MXene-filled composites into 3D printing processes introduces challenges in printability, layer adhesion, and post-
processing optimization.
o Developing robust machine learning algorithms to navigate the complex parameter space of MXene-filled composites for design
and optimization is still in its infancy.

The future of MXene-filled composite structures promises a dynamic landscape of research and innovation across multiple fronts. In
the realm of synthesis, efforts will be directed towards refining existing methods and developing novel approaches to enhance the
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scalability [925], reproducibility [926], and cost-effectiveness of production [927]. Researchers will explore advanced techniques to
achieve precise control over MXene loading levels and distribution within the composite matrix, ensuring optimal synergy between the
two components [928,929]. Additionally, strategies to mitigate challenges related to the reactivity of MXenes during synthesis will be
a focal point, with the aim of expanding the range of applicable composite materials [930].

In terms of properties, future work will delve deeper into understanding the intricate relationships between MXene composition
[571], orientation [161], and the resulting mechanical, electrical, and thermal characteristics of the composites [931]. This knowledge
will inform the design of tailored MXene-filled materials with optimized properties for specific applications. Furthermore, the inte-
gration of MXene-filled composites into 3D printing methodologies [616,932] will witness advancements as researchers explore new
printing techniques [933], optimized formulations [934], and post-processing methods to enhance printability and overall structural
integrity [40,939]. The synergy between machine learning and MXene-filled composite structures will be a key area of exploration,
with the development of sophisticated algorithms capable of predicting material behavior, guiding synthesis parameters, and opti-
mizing performance across diverse applications [38,935-937]. The collaborative efforts of material scientists, engineers, and data
scientists will drive the evolution of MXene-filled composite structures, unlocking their full potential and paving the way for trans-
formative applications in areas such as energy storage, flexible electronics, and advanced structural materials.

1. Advances in Synthesis Techniques:
o Refining existing synthesis methods and developing novel approaches to enhance scalability, reproducibility, and cost efficiency.
o Exploring advanced techniques to precisely control MXene loading levels and achieve uniform distribution in the composite
matrix.
o Developing strategies to mitigate the reactivity of MXenes during synthesis to expand their compatibility with a wider range of
composite materials.
2. Deepening Property Understanding:
o Investigating the relationships between MXene composition, orientation, and the resulting mechanical, electrical, and thermal
properties to design tailored materials for specific applications.
3. Enhancing 3D Printing Integration:
0 Advancing 3D and 4D printing methodologies by exploring new techniques, optimized formulations, and post-processing
methods to improve printability and structural integrity.
4. Synergy with Machine Learning:
o Developing sophisticated algorithms to predict material behavior, guide synthesis parameters, and optimize performance across
diverse applications [33,895-897].
5. Broadening Applications:
o Expanding the use of MXene-filled composites in transformative fields, including energy storage, flexible electronics, and
advanced structural materials, with a focus on real-world applications.

13. Conclusions

This paper has given an extensive overview of MXene-filled composite structures, including their synthesis, characteristics, uses,
and integration with cutting-edge manufacturing processes like 3D and 4D printing. MXenes are extremely promising materials for a
variety of applications, such as energy storage, sensing, electromagnetic interference shielding, and biomedical devices, due to their
flexibility and tunability. Additionally, the synthesis and design of materials based on MXene have the potential to be revolutionized by
integrating Al and machine learning approaches, opening the door to creating sophisticated functional composites with customized
features. MXene-filled composite structures are predicted to become more commonplace in various sectors as this field of study
progresses, providing creative answers to urgent technical problems. More research and development is necessary to fully use MXenes’
potential and to optimize their influence across a variety of application areas.

e MXene-filled composites exhibit exceptional mechanical, electrical, and thermal properties, making them highly versatile for
applications in energy storage, aerospace, biomedical, and environmental fields.

Advanced synthesis methods, including chemical etching, intercalation, and functionalization, enable fine-tuning of MXene
properties, significantly enhancing their compatibility and performance in various matrices.

Integration of MXene composites into 3D/4D printing technologies provides unparalleled design flexibility, enabling the fabri-
cation of complex structures with high precision and tailored functionalities.

The role of machine learning in MXene research is transformative, accelerating material discovery, optimizing synthesis protocols,
and predicting properties with high accuracy (>90%), offering a data-driven approach to material innovation.

This review presents a multidisciplinary perspective, bridging material science, additive manufacturing, and artificial intelligence,
to pave the way for next-generation MXene applications and inspire advancements in sustainable technologies.

However, several challenges remain unresolved, including understanding long-term stability, overcoming synthesis scalability
issues, and addressing environmental concerns related to MXene production and degradation. Future efforts should focus on
addressing these gaps by developing robust fabrication techniques and leveraging advanced computational tools to predict and
optimize composite behavior. Overall, this review emphasizes the importance of MXene-filled composite materials and draws attention
to the fascinating prospects for more study and advancement in this quickly developing area.
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