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Abstract
Shape memory polymers (SMPs) are intelligent materials that can adopt a temporary form and then
return to their original form in response to an external stimulus. They exhibit large deformation,
good corrosion resistance, and are of lightweight and biocompatible. Nevertheless, SMPs suffer from
low electrical and thermal conductivities and longer shape recovery times. To overcome these
limitations, the search for suitable fillers is ever continuing. MXenes have emerged as promising
layered material with exceptional functional and physicochemical characteristics, including excellent
electronic, optical, mechanical, and thermal properties, with the additional benefit of the presence of
functional groups. Although their application in SMPs is still in its early stages, MXenes have shown
great potential as fillers for polymers. This review critically examines the integration of MXenes into
SMPs, focusing on the mechanisms that enhance the overall properties of the SMP composite (SMPC).
We discuss current research on MXene-enhanced SMPs and offer insights into how MXenes improve
the electrical, thermal, and shape memory characteristics of polymers, leading to high-performance
intelligent composites. Finally, we explore the applications of MXene-enhanced SMPs, gave the
perspective on the potential of MXene and carbon-based materials as fillers, challenges in the

technology, and future prospects.
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1. Introduction

Shape memory polymers (SMPs) are a novel family of smart materials that can take a transient
configuration and regain their original configuration upon exposure to an external signal [1]. This
characteristic makes SMPs a versatile material amongst polymeric material systems. SMPs hold
several advantageous features, including low density, lightweight, easy-processability, large
deformation, corrosion-resistance, and actuation potential, distinguishing them from other stimuli-
responsive materials, like shape memory ceramics and shape memory alloys (SMA). SMPs possess
great potential in soft robotics, wearable -electronics, electro/thermo-mechanical systems,
biotechnology, and other essential applications. The shape memory effect (SME) is the predominant
feature that enables SMPs to retain a temporary shape via their hard crystalline phase while allowing
for a reversible recovery. While shape recovery can be achieved via multi-responsive modes, including
electric field, pH, magnetic field, light energy, and so on, heat energy remains the most frequent
method for achieving shape recovery. The temperature at or above which the shape recovery occurs is
generally called as polymer glass transition temperature, T4[2]. To employ these materials for practical
applications, "programming" is the mandatory step, which includes the i) heating of the sample above
Ty, i1) deformation of the sample for temporary shape, iii) cooling down of the sample to achieve the
fixed temporary shape, and finally iv) heating of the sample above Tg to perform shape recovery and
achieve the original shape. The materials may belong to multi-shape or two-way SMPs, depending on
the number of forms to be acquired. Materials falling under the first type can memorize a variety of
transient configurations and restore them in a very regulated, irreversible, one-way manner [3]. The
second category includes materials that display programmed and reversible shape switching between
two different shapes. However, SMPs have many significant drawbacks, such as low electrical and
thermal conductivity, low tensile strength and stiffness, and slow actuation (or high shape recovery
time), which restrict their potential commercial applications. One possible solution to these problems

is to introduce one or more conductive fillers in the SMP matrix. Carbon-based fillers like carbon



nanotubes (CNTSs), carbon nanofibers (CNFs), carbon dots (CDs), graphene, graphene oxide (GO),
and reduced graphene oxide (rGO) can be introduced to improve the functional properties of SMPs [4-
11]. For example, SMP composite was developed by Ha et al. by incorporating boron-doped single-
walled CNTs (B-SWCNTSs) into a polyurethane (PU) matrix, which exhibited superior mechanical,
thermal, and electrical characteristics concerning pristine PU [12]. Du et al. enhanced the thermal,
photo-thermal, and mechanical properties of SMPs by reinforcing functionalized graphene oxide
(FGO) [13]. Zhang et al. successfully integrated oligomer-modified GO (omG) into a PU matrix,
resulting in outstanding functional properties[14]. Yoo et al. incorporated poly(e-caprolactone) (PCL)
diol-modified NDs (f-NDs) into the PU matrix to enhance its shape recovery stress and mechanical
characteristics[15].

In the quest to advance, miniaturize, and develop next-generation high-performance shape memory
systems, the search for novel fillers for SMPs is ever continuing. Recently, MXenes, the emerging 2D
transition metal carbides, nitrides, and/or carbo-nitrides having numerous reactive groups on their
surface, have attracted considerable scientific and technological attention [16]. SMPs integrated with
MXene exhibit enhanced properties due to MXene's high surface area [17], excellent electrical [18],
and thermal conductivity [19], tailored surface chemistry [20], hydrophilicity [21], and
biocompatibility [22]. The fundamental mechanism involves the dispersion of MXene nanosheets
within the polymer matrix, forming a conductive network that significantly improves the material's
responsiveness to external stimuli such as heat or electrical fields. Due to MXene’s excellent metallic
conductivity, it facilitates uniform heat distribution within the polymer matrix, resulting in a faster
shape recovery rate and recovery time of SMPs by reducing the energy barrier for molecular
rearrangement. MXene also acts as a reinforcing agent, improving the stiffness and mechanical
strength of SMPs [23] [24] [25]. The interaction between MXene nanosheets and the polymer chains
at the molecular level helps in uniform stress distribution, reducing the risk of material fatigue and

failure [26].



In this review, we critically discuss the rise of MXenes as fillers for polymers with a main focus on
their role in regulating SMPs. Firstly, a brief overview of MXenes is presented, followed by a
discussion on the fundamentals of the SME and the preparation methods for the SMP composites
(SMPCs). Subsequently, the functional properties, such as thermal, electrical, mechanical, and self-
healing characteristics with underlying fundamental mechanisms, are discussed. The article further
presents the applications of MXene-enhanced SMPCs across various domains, including flame
retardancy, actuation, energy storage, EMI shielding, and biomedical applications (Figure 1). We have
also provided a section that discusses the potential of MXene and carbon-based materials as fillers.
Finally, we thoroughly discussed the challenges and future prospects of MXene-enhanced SMPCs in

real-world applications.
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Figure 1. MXenes-enhanced shape memory polymers with their prospective applications.
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The discovery of graphene opened a new area to hunt for novel 2D materials with excellent functional
and physicochemical properties [27-29]. A new class of novel 2D materials, including silicene,
germanene, phosphorene, metal dichalcogenides, and metal oxides, have been discovered to show
promising properties [30]. To meet the pace of technological advancement, the search for novel high-
performance 2D materials is still continuing. Presently, the layered transition metal carbides and
nitrides, called MXenes, that have a typical formula of Mn+1XnTx, Where M and X represent transition
metals and carbon and/or nitrogen, respectively, Tx shows functional groups such as O, OH, F, and/or
Cl, attached to them, are at the center of research [31]. Potential MXene structures have increased to
over 100 [32]. MXenes are made by the specific etching of A layer of its MAX phase precursor. The
resultant material is then delaminated and exfoliated using ultrasonication to obtain the final product
[33, 34]. The aqueous hydrofluoric acid (HF) or in-situ HF production by the interaction of
(hydrochloric acid) HCI and lithium fluoride selectively removes the A-element layer(s) from the

MAX phases.

M., AlX, + 3HF > M,,,X, + AlF; + 1.5H,

However, Huang et al. developed novel MAX phases and fluorine-free MXenes in 2019 using molten
ZnCl; salt [35]. With this approach, researchers can now manufacture MXenes with chemicals that do
not include or produce HF. The possibility of modifying the surface terminations of MXenes enriches
their practical applications [36]. MXenes exhibit high electrical conductivity and fast electron kinetics,
making them promising electrode materials for batteries [37] and electrochemical capacitors [38]. The
excellent mechanical characteristics and surface functionalities make MXenes a promising

reinforcement for polymers, ceramics, and metals to produce robust functional composites [39].

3. Shape Memory Effect in SMPs
Shape memory effect (SME) is a phenomenon that explains how SMPs can revert to their initial shape

following a significant elastic deformation in response to a particular stimulus [40] [41]. The molecular



network of SMPs has switches that respond to an external stimulus. The network also contains net
points that are connected via chain segments [1]. The chain segments deform elastically when paired
with an appropriate/tailored programming stimulus. This distortion may be undone by reorienting the
chain segments to restore the original structure or shape. The transition temperature (Tirans) (glass
transition temperature (Tg)) facilitates the chain segment deformation, at which the network deforms
elastically and can be fixed temporarily. The net points that decide polymer shape might alter according
to chemical or physical processes, such as reversible covalent bonding or intermolecular interactions.
An illustration of an SMP with thermal programming is shown in Figure 2. When heated over its
transition temperature, Twans; the material deforms into a soft rubber (or elastomer) due to the enhanced
mobility of the molecular chains [42]. When cooled down to a temperature below Tirmans, the
deformation placed on the SMP will persist long after removing the external force. The original form

is obtained by reheating the materials over the same Ttrans.
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Figure 2. Thermally induced SME's molecular mechanism (black dots represent net points, blue lines
represent elongated and fixed segments, and red lines represent relaxed segments).



Although SME was discovered in an AuCd alloy in 1932, it wasn't until 1971 that the attractiveness
of this phenomenon became clear when considerable recoverable strain was observed in a NiTi alloy
at the United States Naval Ordnance Laboratories [43] [44]. Many different types of solid, film, and
even foam shape memory alloys (SMAs) are now easily fabricated. Only three of these alloy systems,
those based on nickel-titanium (NiTi), copper (CuAINi and CuzZnAl), and iron (Fe), are currently of
greater economic significance [44]. NiTi-based alloy systems have excellent biocompatibility and
outstanding performance. Cu-based SMAs offer the benefits of cheap raw materials and good
processing workability; among them, some even exhibit rubber-like properties after aging in
martensite. Due to their highly affordable cost, Fe-based SMAs are promising for disposable fasteners
or clamps. On the other hand, L. B. Vernon is credited for publishing the first article detailing SME in
a US patent [45]. He described a dental material made of methacrylic acid ester resin that had “elastic
memory" and could revert to its original shape when heated. However, SMPs, compared to SMAs,
have gained immense interest because of their many versatile characteristics. Compared to SMAs, they
provide deformation to a far higher degree (strain up to more than 200% for most of the materials) and
a more extensive scope of variable mechanical characteristics, in addition to their inherent benefits of

being affordable, lightweight, chemical inertness, corrosion resistant, and easily processable [46] [47].

4. Manufacturing Methods for MXene-enhanced SMPCs

There are a few primary methods for processing MXene-enhanced polymer composites: (i) Ex-situ
blending (solution casting, compression molding, and vacuum-assisted filtration), (ii) in-situ
polymerization, (iii) melt blending, and (iv) coating techniques.

4.1. Ex-situ blending

The properties of the fabricated composite materials depend on the bonding interactions among the
polymers and MXene materials. Solution casting, which can be done on laboratory scales and uses

colloidal Mxene, is the most popular way to make polymer composites [48]. In this technique, the



surface functionalized Mxene fillers and polymer matrices are mixed in a solvent that must then be
extensively stirred to increase the homogeneity of the mixture [49]. After that, the mixture is poured
into molds, and the solvent is evaporated to produce uniformly dispersed composite materials [50].
For instance, in order to achieve a composite with uniform dispersion, Li et al. ultrasonically mixed
Mxene and polyvinyl alcohol (PVA) before being poured into a developed mold and placed to extract
the solvent (Figure 3A) [51]. By using the solution casting process, Pan et al. reported the
homogeneous dispersion of MXene in the PVA/MXene nanocomposites [52]. The same technique was
also used to develop TizCo/ thermoplastic polyurethane (TPU) based SMPC that exhibited outstanding
mechanical and thermal properties [53].

In some cases, the solution casting method can be further accompanied by a compression molding
method in which the obtained composites are shaped in a desired manner by pressing at a high
temperature [50]. For instance, using a homogenous combination of MXene and TPU modified with
cationic modifiers in DMF, Yu et al. synthesized TPU/MXene SMPC by dispersing the mixture in
water (Figure 3B) [54]. The developed composite materials that were molded by pressing at an
elevated temperature showed uniform dispersion and flame retardancy. MXene may establish H-bonds
with TPU chains when dispersed in solution, significantly enhancing the modified MXene's dispersion.
Ma et al. crafted a nanocomposite, SiCnw/MXene/PVDF, by synthesizing SiCnhw/MXene within a
PVDF matrix through a process involving electrostatic self-assembly, solution casting, and hot
pressing[55]. The SiCnw inhibited the aggregation of MXene nanosheets and their effective
interconnectivity, resulting in their homogeneous dispersion in the PVDF matrix. This
PVDF/SiCnw/MXene nanocomposite improved the impedance matching and polarization loss while
tuning the ohmic loss, resulting in a superior Electromagnetic (EM) absorption performance. In another
report, Rajavel et al. synthesized MXene/PVDF composite in ethanol, followed by ultrasonication
[56]. The mixture underwent heating to remove the ethanol, and then hot pressing was used to generate

the PVDF composite materials. In vacuum-assisted filtration, MXene and the polymer are mixed into
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the solvent to achieve a uniformly dispersed solution. Using a filter membrane, the solute and solvent
particles are separated under vacuum [57]. Liu et al. mixed TizC2Tx MXene with waterborne PU in
water to develop highly ordered nano-films (Figure 3C) [58]. The hydrogen bond interactions between
MXene and PU enhanced the films' toughness and EMI shielding effectiveness.

4.2. In-situ polymerization

In the in-situ polymerization method, the polymer precursor is combined with MXene nanofillers and
subsequently polymerizes to produce macromolecules under certain circumstances [59]. The fact that
the polymer chains develop close to the nanofiller's surfaces is the main benefit of this strategy. The
first step of the process is assembling the monomers on the surface of MXene via intermolecular
interactions. Then, the polymerization of the monomers is done with the help of various techniques
[60]. This method can effectively enhance the MXene interlayer spacing and cause MXene to be
dispersed uniformly throughout the polymer matrix. Utilizing this concept, PANI@TiO2/TisC,Tx
composite was fabricated and obtained by converting TisC2Tx to TiOg, after which the monomers of
aniline were assembled on the MXene surface. The polymerization of aniline into PANI was done with
the help of the initiator, APS [61]. The capacitance of the developed PANI@TiO2/TizC,Tx composite
was twice than that of pure MXene. Zhang et al. also fabricated TizC2/PAM hydrogels that showed
outstanding mechanical strength and enhanced drug delivery capability (Figure 3D) [62]. Tong et al.
developed a sandwich-shaped PPy/TizC,Tx composite film electrode using in-situ electrochemical
polymerization. The prepared composite film exhibited good electrical capacitance, and due to the
interaction of a bigger surface area and better conductivity, the produced composite film displayed
good electrical capacitance and efficient ion transport pathways for fast energy storage because of the
synergism of large surface area and better conductivity (Figure 3E) [63]. In another report,
CNF/Ti3C,Tx aerogels (CTA) were developed using the Hydrogen bonding interactions between
cellulose nanofibers (CNF) and MXene [64], after which they were thermally annealed and

incorporated in Epoxy with vacuum assistance (Figure 3F). The developed 3D EP nanocomposites
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demonstrated outstanding EMI shielding efficiency and percolation threshold. In another report, via
vacuum-assisted impregnation and curing technique, MXene/EP composites were prepared that
exhibited good EMI SE and mechanical characteristics [65]. Like many traditional polymers, the
MXene-SMP polymer composites can also be developed through in-situ polymerization, which can
have the additional advantage of the more interactive nature of MXenes with polymer matrix.

4.3. Melt blending

In the melt blending method, MXene is incorporated into the polymer matrix by heating the polymer
above its melting point. However, this method only applies to polymers that can be treated by melting,
such as thermoplastics [50]. Zhang et al. used a high-speed mixer to combine ultrahigh molecular
weight polyethylene (UHMWPE) powder with TisC2 nanosheets, and the obtained nanocomposites
showed outstanding tensile and breaking strengths [66]. Shi et al. developed nanocomposites of
Ti3sC2Tx and polypropylene (PP) using the melt blending technique [67]. Sheng et al. combined MXene
and TPU in a torque rheometer, stirred the mixture for 6 minutes at 180 °C and 60 rpm, and then
compressed the sample to get the required shape (Figure 3G) [68]. The prepared composite displayed
excellent mechanical and thermal properties.

4.4. Coating techniques

Polymers and MXenes can also be mixed effectively by using the coating method. For instance, by
dipping, Lin and co-workers coated MXene onto the surface of flexible polyurethane foam (FPUF),
that significantly decreased the FPUF's flammability and smoke emissions[69]. A novel UV-curable
nanocomposite coating, comprising intumescent flame-retardant (IFR) and MXene nanosheets, was
created by introducing surface-modified MXene sheets into the IFR coating framework. This was then
applied to rigid polyurethane (RPU) foam surfaces to produce coated RPU foams using a spray-coating
and UV-curing technique [70]. Using a dip-coating method, the positively charged chitosan (CS) was
wrapped around the negatively charged MXene on the PU foam's core (MXene@CS@PU) (Figure

3H) [71]. The coating can bear over 5000 cycles of compression release, with a response time of just

12



19 ms. PPy-functionalized TisC, was dip-coated onto poly(ethylene terephthalate) (PET) surfaces to

provide conductive surfaces for EMI shielding applications [72].
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5. MXene enhanced SMPCs: Mechanisms and Properties

5.1 Mechanisms of MXene as a stimulus-responsive filler

MXenes, which include 2-D transition metal carbides, nitrides, and carbo-nitrides, have outstanding
electrical and thermal conductivities, mechanical strength, and adjustable surface chemistry due to
their terminal functional groups (-OH, -0, -F) [73, 74]. These characteristics make MXenes to be
effective stimulus-responsive materials, considerably improving the electrical, thermal, and
mechanical performance of SMPs. The terminal functional groups on the surface of MXenes allow for
strong chemical interaction with the polymer matrix. These functional groups can establish hydrogen,
ionic, and covalent interactions with the polymer chains, resulting in a strong interfacial interaction
[75]. The presence of -OH and =O groups, for instance, promotes hydrogen bonding and increases the
compatibility between MXene and hydrophilic polymer matrices [76]. Moreover, MXenes’
hydrophilic behavior provides better interaction with polar polymeric matrices [77] [78], differently
from other 2D materials, such as graphene. This improved interfacial adhesion facilitates effective
stress transfer and better dispersion of the nanofillers within the SMP matrix [79] [25], leading to
enhanced shape recovery rates and reduced recovery times [80] [81]. Furthermore, these functional
groups can act as crosslinking sites, improving the elasticity and shape fixity of the SMPs. For
example, the fluorine groups on MXene can introduce hydrophobic interactions, which might be
beneficial for SMPs designed for environments where moisture resistance is crucial. Overall, the
specific functional groups on MXene surfaces play a critical role in tailoring the properties of SMPs,
making them highly tuneable for various advanced applications. This high interfacial adhesion assures
that the MXenes are well incorporated into the SMP matrix, minimizing agglomeration and
encouraging uniform dispersion throughout the material. This uniform dispersion is crucial because it
guarantees that the MXenes are properly distributed, resulting in constant reinforcement throughout
the composite [26]. When an external force acts on the composite, the strong interfacial interactions

between the MXenes, with high aspect ratio [82], and SMP chains help to enhance this load transfer
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process [83], thus eliminating localized stress concentrations that might lead to material failure. This
produces a composite material with dramatically improved mechanical properties, including higher
tensile strength [84], high breaking elongation, and flexibility [85]. Furthermore, MXenes have high
electrical and thermal conductivity due to their elemental composition and unique structure. MXenes,
when integrated into a polymer matrix, can create continuous conducting networks [81]. These
networks are formed by the percolation of MXene nanosheets throughout the polymer, generating
channels for electron and heat transport. This interconnected network significantly boosts the
composite's conductivity and is crucial for electro-thermal actuation of SMPs [86]. MXenes' high
conductivity enables that current or heat travels effectively through the composite, resulting in rapid
and uniform heating. This uniform heating is critical for efficient shape recovery because it allows the
whole polymer matrix to reach the activation temperature at the same time, allowing the SMP to return
to its original shape quickly.

The next subsections cover new research on improving several aspects of SMPs, such as electrical,
thermal, mechanical, self-healing, and shape memory capabilities, by incorporating MXene into the
polymer matrix. We have attempted to give a complete review on MXene-enhanced SMPs based on
existing studies. These studies investigate how MXene, with its unique combination of high

conductivity, mechanical strength, and vast surface area, affects the performance of SMPs.

5.2. Properties of MXene enhanced SMPCs

5.2.1. Electrical Properties

MXenes span a broad spectrum of electrical characteristics, from metallicity and semi-conductivity to
topological insulative. This is attributed to the broad array of surface functionalization possibilities,
the ability to control variable thickness, and the substantial compositional variability [87]. MXenes
demonstrate metallic conductivities characterized by high electron densities, resulting from strong

coordination between the d electrons of the transition metals (denoted as 'M') and adjacent atoms [59].

15



Although MXenes such as Ti.C, TisCz, M02C, M02Cz, and Mo2Ti.Cs have been shown to have strong
electrical properties, conductive insulation can be found only in some MXene-containing heavy
transition metals (such as Cr, Mo) [88]. Surface terminations are essential in lowering the density of
states (DOS), which shifts the transition metal "M™ d-band above the Fermi level and creates a band
gap. This effect results from the hybridization of the ™M" d orbitals and the functional groups' p
orbitals [89]. Further, low HF concentrations and short etching time also lead to an increase in the
conductivity of MXenes as it results in lesser imperfections and large lateral sizes [90]. Table 1 shows

the electrical conductivity of various MXenes with the synthesis method.

Table 1. An overview of the several MXenes and their methods of production for electrical

conductivity.

MXenes Method of Synthesis EleEleE Comelug ) Ref.
(S/cm)
“Evaporated-Nitrogen”
TizCoTx Minimally Intensive Layer 24000 [91]
Delamination method
TisCo Hot press sintering 850 [92]
Ti2CTx 1610
Nb2CTx 5
V_ZCTX vacuum-assisted filtration 998
TisCaTx ] 8570 [93]
NbsCaTx 75
TisCNTx 2712
MoTiCaTx 227
vacuum-assisted filtration
Mo2CTx method 1.2 [94]
. vacuum-assisted filtration
TisCoTx method 2410 [95]

Polymers, on the other hand, are generally electrically insulating in nature. Adding MXenes to these

polymers can enhance their electronic conductivity [49]. For instance, by incorporating varying
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amounts of TisC,Tx into epoxy (EP) resin, a notable enhancement in the electrical conductivity of the
resulting EP/TisC,Tx MXene composite was observed, reaching 4.52 x 10 S/m from the initial 1016
S/cm conductivity of pure EP [96]. Similarly, Wang et al. fabricated a 3D TizC2Tx MXene/C hybrid
foam/epoxy nanocomposite (MCF/epoxy) [97]. They observed that as the MXene concentration in the
mixture increases, the electrical conductivity of MCF-5/epoxy reaches to 184 S/m. Further, the 19.5
wt.% TizC> MXene reinforcement in PVA enhances the conductivity of the composite upto 716 S/m,

resulting in its improved EMI shielding properties [98].

The incorporation of MXene fillers into SMPs significantly enhances their electrical conductivity,
leveraging the exceptional conductive properties of MXenes to improve the performance and
functionality of these smart materials. For instance, Lu et al. synthesized a series of flexible and self-
healable EMI shielding waterborne polyurethane (ADWPU) films by mechanically blending with
TisCoTx (ADWPU-T). As MXene is known for its great metallic conductivity, it was seen that on
increasing the content of TisC,Tx in the ADWPU matrix from 3, 5, and 7 wt.%, the electrical
conductivity of the composites increases four-fold (Figure 4A), with observation of enhanced EMI SE
[99]. Further, He et al. prepared the multifunctional PCM composites for electromagnetic interference
(EMI) shielding functions by encasing poly(ethylene glycol) (PEG) into porous MXene/silver
nanowire (AgNW) hybrid sponges by vacuum impregnation [100]. Melamine foams (MFs) were
chosen as a template to coat with MXene/AgNW (MA) to create a continuous electrical/thermal
conductive network (for reference, the obtained sponges (MFs) dipping in MA hybrid solution were
named MF@MAX, where x represents the number of dipping times). Since the EMI shielding
efficiency (SE) of EMI shielding materials is directly connected with their electrical conductivity, the
conductivity of the sponges is measured (Figure 4B). The electrical conductivity of MF@MAL/PEG
was found to be 0.01 S/m due to the insufficient filler content within the sponge skeleton, which
prevents the formation of an effective conductive network. This low conductivity indicates that the

filler particles are too sparsely distributed to establish continuous pathways for electron transport. In
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contrast, the electrical conductivities of MF@MAZ2/PEG and MF@MAZ3/PEG are significantly higher,
measured at 23.71 S/m and 75.34 S/m, respectively. This dramatic increase is attributed to the presence
of a 3D conductive network formed by the MA hybrid filler. In these composites, the higher filler
content ensures that the conductive particles are closely packed and interconnected, enabling efficient
electron flow throughout the material. The progressive enhancement in conductivity from
MF@MAL/PEG to MF@MAZ3/PEG underscores the critical role of filler concentration in establishing
robust conductive networks within polymer composites. In a recent work, Jaiswal et al. enhanced the
electrical conductivity of SMPU by the reinforcement of TisC> MXene as well as its TisAIC2 MAX
phase precursor [101]. The enhancement of electrical conduction of SMPs upon MAX/MXene
incorporation is ascribed to the presence of electrical conducting sites inside the polymer matrix as
well as the conducting network, which facilitates electron movement/transfer across the sample. The
enhanced electrical transport of SMP-composites due to the reinforcement of MXene could be crucial

for electrically/thermally responsive shape memory applications.

18



/ . 1

10°

10!

—

EANALIPLG MEaEMALPEG MFEMAMPEC

- .

0.25 4

Thermal Conductivity (W/mK)

Heat flow Endo down (mWW)

w
\,/

Pure PU
— 0.1 PUIMXene
0.2 PUMXene
— 0.3 PUMXene
— 0.5 PUIMXena

T
f-0.5wt% 1.0wt% £2.0wt% f-3.0wt% d-3.0wt% &0 100

Additive Amount

Heat flow Endo down (mw)

5.2.2. Thermal Properties

T
Pure PU
— 0.1 PU/IMXene
— 0.2 PUMXene
— 0.3 PUMXsne
M

— T~ — ]

T T T T T
60 80 100 120 140 160 180 200
Temperature (*C)

19

T
150

T
200 250

Temperature (°C)

Figure 4. The electrical conductivity of (A) PU films [99]. (B) MF@MA/PEG [100]. (C) Thermal
conductivities of pure TPU and its nanocomposites [102]. (D) Heating curve, and (E) Cooling curve
of PU and PU/MXene (0.1-0.5 wt%) nanocomposites [80].

Thermal conductivity is the critical parameter for thermally triggered SMPs. Enhancing thermal
conductivity improves heat dissipation (or thermal kinetics) and triggers the fast recovery in SMPs.
Enhancement in heat dissipation is also essential for electronic gadgets as they become integrated and
lightweight. Thanks to easy manufacturing, programmability, and significant deformation, SMPs are

widely used in the aerospace, biomedical, sensor, and actuator industries. MXene possesses excellent



electrical conductance and good thermal conductivity. This is why polymers, initially heat insulators,
can become conductive when reinforced with MXene [49]. MXene-based polymer hybrids [103] [104]
have demonstrated somewhat improved thermal characteristics with fewer filler loadings compared
to graphene-based nanocomposites [105] [106]. For instance, Kang et al. prepared TizCax/epoxy
composites via solution blending [103]. The prepared composite increased thermal conductivity by
141.3% with 1 wt.% of TisC> MXene fillers than that of neat epoxy. Wang et al. constructed a 3D-
MXene/PDMS nanocomposite that increased its thermal conductivity by 220% with merely 0.7 wt.%
of single-layer Ti3sC>[107]. Rajavel et al. developed MXene/PVDF nanocomposites with 22.55 vol.%
Ti3C2, which shows thermal conductivity values four times higher than pure PVDF [56]. To speed up
the heat transfer kinetics, the polymer and fillers must establish strong interactions promoting high
thermal conductivity. When MXene concentrations are sufficient to form a network, its high thermal
conductivity substantially surpasses the polymeric matrix's thermal resistance, resulting in
homogeneous and high thermal conductivity. Higher thermal conductivity ensures the reliability and
safety of batteries, capacitors, energy-storage devices, actuators, thermoelectric devices, EMI shielding
materials, and aerospace materials by facilitating improved heat dissipation.

The poor thermal conductivity of SMPs demands high-performance fillers to improve the thermal-
management capability for modern electronic applications where power densities are rising swiftly.
MAX and MXene-based materials have also been introduced in the SMP matrix to engineer its thermal
conductivity. For example, Jaiswal et al. observed a significant improvement in the thermal
conductivity of SMPU with the addition of titanium carbide-based MAX and MXene [84]. This
enhancement facilitated faster shape recovery in SMPU-MAX and SMPU-MXene composites.
Measurements showed that pristine PU had a thermal conductivity of ~0.13 W/mK at room
temperature (25 °C). In contrast, the addition of MAX and MXene improved thermal conductivity,
even with low loadings of 0.25 wt%. For example, the thermal conductivity at 25 °C increased to

~0.21, 0.19, and 0.21 W/mK with the reinforcement of mixed Ti>AlIC+TizAlC2 MAX phase, TizAIC,
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MAX phase, and TisC> MXene, respectively. The presence of these fillers enhances heat transfer
between molecular chains and reduces phonon scattering, thereby improving the thermal conductivity
of PU composites. Moreover, TizC2 MXene nanosheets have attracted intensive attention due to their
unique properties and have already been successfully applied in polymer composites for improved
performance, such as thermal stability, and flame retardancy [108]. In this respect, He et al.
incorporated poly(diallyldimethylammonium chloride) (PDDA) modified TizC, (MXene) in
thermoplastic polyurethane (TPU) matrix to reinforce fire safety and mechanical performance of TPU
[102]. Figure 4C shows thermal conductivities of TPU and its nanocomposites. The thermal
conductivities of the TPU composites increased with the addition of higher contents of additives.
Specifically, when 3 wt% of functionalized TisCz (f-TisC) is incorporated into the TPU matrix, the
thermal conductivity of the resulting TPU/f-TizC2-3.0 composite shows an 88.6% improvement
compared to pure TPU. In contrast, under the same additive loading, the thermal conductivity of
TPU/d-Ti3C2-3.0 (where d-TizC2 denotes a different form of TisC>) is not as high as that of TPU/f-
Ti3C2-3.0. This discrepancy can be attributed to the presence of organic components in f-TisCz, which
help preserve the structure of TisC.. These organic components prevent the TizC, from being damaged
and ensure its uniform dispersion within the TPU matrix, thereby enhancing the composite's thermal
conductivity more effectively than d-TizCs. In a recent study, Sanaka et al. studied thermal properties
of pure PU and PU/MXene (0.1-0.5 wt%) nanocomposites using heating and cooling curves [80]
(Figure 4D). It is observed that for pure PU, the Tm is 191 °C, which is increased to 193, 197, 203,
and 207 °C for 0.1 PU/MXene, 0.2 PU/MXene, 0.3 PU/ MXene, and 0.5 wt% PU/MXene, respectively,
indicating enhanced molecular alignment and ordering due to MXene. Cooling curves (Figure 4E)
showed crystallization temperature (T¢) values followed pure PU < 0.1 PU/MXene < 0.2 PU/MXene
< 0.3 PU/MXene < 0.5 wt% PU/MXene, with corresponding heat of crystallization (h¢) values

reflecting MXene's nucleation effects and improved polymer packing during crystallization.
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5.2.3. Shape Memory Properties

There are couple of important parameters that determine the material's ability to undergo SME and
performance characteristics. The shape fixity ratio (Rf) and shape recovery ratio (Ry) are such crucial
parameters that describe the shape memory capabilities of materials [109]. Most SMPs documented so
far employ thermal energy as the principal stimulation. This situation's stimulation is the result of
additional cross-links being thermally cleaved. Let us assume that these additional crosslinks are due
to physical interactions. In this scenario, an additional differentiation can be made in Timans, Which
includes a Tq and a melting temperature (Tm). The melting process is only possible within a very small
temperature range, whereas glass transitions can happen at a wide range of temperatures. When the
crosslinks consist of functional groups that undergo photo-reversible reactions using light as a
stimulus, it extends the application of shape memory technology. Indirect heating of the material can
be achieved by applying alternative stimuli like electric currents or electromagnetic fields. Shape
memory properties are assessed by cyclic mechanical testing under various stimuli [110, 111]. Thermal
or photomechanical testing techniques have been developed because the stimuli are primarily heat or
light. In cyclic tests, parameters such as R, Ry, and switching temperature (Twans) are measured,
particularly under thermal stimulation. R¢ evaluates the potential to maintain a mechanical deformation
(em) and create a temporary shape ey (N) over multiple cycles (N). The parameter Ry measures the
ability to recover the permanent shape ¢p (N) after applying a particular deformation em. It is calculated
by comparing the difference in deformation observed during the SME (em-gp) with the difference in

deformation during the programming phase (em-gp) Of the previous cycle (N-1).
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thermally actuated SME [112]. The experiment's first step controls strain, while steps two through
four, up until the start of the following cycle, controls stress.
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Based on equations (1) and (2), it is clear that the optimal values for Rf and Rrshould be 100%. Step 1
of an ordinary stress-controlled programming cycle involves clamping the sample in the tensile tester
and stretching it to em While keeping the molecular switch open. In thermally triggered shape memory
materials, the molecular switches are activated by applying heat (Thign) above the transition
temperature (Twans). On the other hand, in light-induced shape memory materials, these switches are
opened by exposing the material to irradiation at particular wavelengths A, which leads to the breaking
of the photosensitive links. To help the polymer chains relax, the stress is kept in place for a
predetermined amount of time. The experiment then proceeds in a stress-controlled fashion. The
temporary shape of the object is fixed by activating molecular switches (step 2) in the presence of a
constant voltage ¢. In thermally induced SMPs, the switches are closed through controlled cooling to

temperatures below the transition temperature (Twans). The switches are closed in light-induced SMPs
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by irradiating them with appropriate wavelengths (A). Then, the applied stress gradually decreases until
stress equilibrium is reached at a pressure of 0 MPa (step 3) (Figure 5). The molecular switches are
activated in the fourth step, maintaining a constant tensile stress of 0 MPa. This results in the shrinkage
of the material and restoration of its permanent shape. Numerous theoretical concepts have been
proposed to predict shape memory phenomena [113, 114]. These approaches rely on uniaxial
deformation processes, each employing a distinct modeling methodology. The approaches mentioned
above are derived from either mechanical modeling or thermodynamic perspectives. These methods
make it easier to estimate temperature-dependent stress and strain, as well as stress and strain for

deformed polymers.

Wang et al., for example, combined MXene and polyvinyl alcohol (PVA) to create a type of shape-
programmable supermolecular nanocomposite film [115]. MXene acts as cross-linking points in the
nanocomposite and provides extra intermolecular hydrogen bond contact between PVA in this film,
giving it a strong shape-fixing feature. It should be noted that pure PVA has no water-responsive SME.
However, it was reported that all of the samples exhibited high Rs and Ry (both >90%), indicating that
the incorporation of MXene into PVA improved its water-responsive SME. In another report, The
effects of MXene@PANI on the ability of epoxy (EP) resin coatings to self-heal were discussed by
Dong et al [116]. NIR imaging revealed that the EP coating is unable to repair itself after being
scratched. However, the addition of MXene to the MXene/EP coating caused the scratched area to
shrink from 95 um to 12 um due to the photothermal conversion action of MXene, increasing the self-
healing efficiency to 88%. Additionally, the MXene@PANI/EP coating improved the self-healing
efficiency by 91%, resulting in a reduction in scratch size from 113 pum to 10 um. In a recent study,
Zhang et al. developed a flame-resistant paper using SMPU/MXene, which demonstrated exceptional
fire retardancy and quick self-extinguishing capabilities [117]. Unlike the pristine SMPU paper, the
SMPU/MXene paper maintained its shape without melting or dripping during combustion. The paper

can self-unfold when heat-stimulated, taking 10 s to recover to its original shape after being folded,
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which is faster than SMPU paper due to the presence of nanofillers (Figure 6A). The SMPU/MXene
paper exhibited excellent shape memory properties, remaining smooth without creases, and the MXene
layer stayed intact. As electrically-stimulated, MXene coating effectively activated the SMPU paper
by producing heat, which facilitated shape recovery (Figure 6B). The temperature increased uniformly
except at the edges, reaching 37.8 °C, which is sufficient to trigger shape memory behavior. Though
the recovery process took about 60 s and was not completely flat, the paper's minor shape changes can
be used to protect circuits through self-cutting performance. Further, McLellan et al. also highlight the
significant role of MXene in enhancing the shape memory behavior of TPU/PLA shape memory
composites [118]. According to their findings, the most favourable shape memory outcomes for the
TPU/PLA composite are achieved when incorporating 2 wt% of MXene. This incorporation results in
notable improvements in both actuation speed and recovery ratio. Specifically, the composite with 2
wt% MXene can rebound to 90.4% of its initial shape in just 13.8 s. In comparison, a composite without
MXene (0 wt%) only recovers to 78.9% of its original shape in approximately 26 s (Figure 6C). The
enhanced recovery is attributed to the structural changes induced by the high MXene content. The
presence of MXene leads to a more consistent TPU phase, which is crucial since TPU serves as the
recuperating element responsible for restoring the material to its permanent state. The introduction of
2 wt% MXene plays a pivotal role in connecting adjacent TPU spheres, establishing a more robust and
uninterrupted phase. This improved structure significantly enhances the material's capacity for swift
and complete recovery, demonstrating the effectiveness of MXene in optimizing the shape memory
properties of TPU/PLA composites. In another study, the researchers explored shape reconfiguration
in actuators made from a combination of MXene and poly(vinyl alcohol) (PVA) [119]. This was
achieved by leveraging the unique functional (F) groups on the surface of MXene, which interact with
the hydroxyl groups in the PVA chain. This interaction forms a reversible "lock™ structure, enabling
the actuator to change its shape effectively. The team investigated two types of SMEs in the actuator:

those triggered by NIR light and those triggered by thermal changes. They found that the Ry and Rg
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improved with higher NIR light intensity. Figure 6D illustrates this relationship, showing that at lower
NIR intensities (0.02 W/cm?, 0.04 W/cm?, and 0.06 W/cm?), the actuator's SME was not satisfactory,
with Ry values below 90%. However, at higher intensities (0.08 W/cm? and 0.10 W/cm?), the R, values
exceeded 90%. Additionally, the actuator demonstrated a temperature-dependent SME, as shown in
Figure 6E. The SME improved progressively with increasing temperature within a specific range (50-
90 °C). At temperatures of 80 °C and 90 °C, the actuator's performance was particularly impressive,
with both the R and R values exceeding 90%. This study highlights the potential of MXene/PVA-
based actuators for applications requiring precise and responsive shape changes, driven by either light
or heat. Recently, Guo et al. developed a high-performance multi-stimuli-responsive shape-memory
and self-healing composite film by embedding MXene nanosheets into a sodium carboxymethyl
cellulose (CMC) and PVA matrix [120]. The MXene nanosheets enhance the film's mechanical
strength and provide efficient solar-thermal conversion for robust light-actuated shape-memory
properties. The composite showed exceptional shape-memory response to heat, light, and water. In the
heat-triggered shape recovery process, the shape-memory mechanism relies on PVA crystalline
domains and hydrogen bonds for temporary shape fixation, with the amorphous CMC and PVA
providing elasticity for shape recovery (Figure 6F). MXene nanosheets act as cross-linking points,
increasing the stationary phase ratio and speeding up recovery. NIR light-induced shape recovery
mimics the thermal process, where photothermal MXene nanosheets generate heat to melt the
reversible phase, thus restoring the temporary shape (Figure 6G). Water-induced shape recovery
works by lowering the Ty, expanding the composite network, and decreasing resistance to molecular
chain movement, releasing the temporary shape when T4 drops below ambient temperature, enabling

shape recovery (Figure 6H).
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Figure 6. (A) The process of shape recovery of folded-up (a) SMPU paper and (b) SMPU/MXene
paper on the hot plate of 60 °C [117]. (B) The optical and infrared snapshots of electro-triggered shape
memory behavior of SMPU/MXene paper [117]. (C) Shape memory performance of (a) 0 wt %
MXene activation images at 0, 5,10, and 20 s; (b) 2 wt % MXene composite activation images at 0, 5,
and 10 s [118]. SME of the MXene-based soft actuator at different (D) NIR light intensities, (E)
temperatures [119]. Recovery process of CP3@M2: (F) petal shape at 95 °C, (G) spring shape under
NIR irradiation, and (H) U shape in water at 25 °C [120]. Shape recovery of MXene based shape
memory hydrogel at different time intervals (1) under 60 °C, and (J) NIR irradiation [121].

Recently, Hu et al. have created a MXene-based shape memory hydrogel for the development of
wound-dressing hydrogels intended to repair skin by combining MXene, gelatin, poly(ethylene glycol)
diacrylate (PEGDA), and N,N'-methylenebis(acrylamide) (HEAA) [121]. The first network layer was
established by crosslinking HEAA and PEGDA, while the second layer was made by hydrogen
bonding between MXene, PHEAA, and gelatin. This hydrogel exhibited improved mechanical
properties and thermally induced shape memory attributes. Compared to hydrogels without MXene,
the MXene-based hydrogel showed considerably higher Young's modulus, tensile strength, and
elongation at break up to a particular threshold. The hydrogel could restore its former shape after 16 s
when submerged in water (Figure 61), or in a few minutes under light irradiation (Figure 6J). Table
2 presents the comparison of various MXene enhanced SMPCs with other SMPCs in terms of their
enhanced shape memory performance.

Table 2. Comparison of MXene enhanced SMPCs properties with other SMPCs.

S.No Shape memory Stimulus Shape | Shape Recovery | Ref.
polymer composites fixity recovery | time (s)

ratio ratio

(Rf) (Rr) (%)

(%)
1 CMC/PVA@MXene heat/NIR light/water | 68.33 99.35 13 [120]
2 PCL/TPU/CNTs heat 96 94 76 [122]
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3 nHA/PU heat >90 >90 10 [123]
4 PHB/PCL/CNFs heat 100 >95 125 [124]
5 MXene/PVA heat/NIR light >90 >90 - [119]
6 MXene/TPU/PLA heat - 90.4 13.8 [118]
7 MXene/PVA film water >90 >90 - [115]
8 PLA-MXene heat - 100 60 [26]

9 MF@MA/ PEG NIR light 100 100 - [125]
10 HPU-AH-rGO heat/sunlight/micro | - 97.1 21 [126]

wave

5.2.4. Self-healing properties

During shipping and use, organic coatings inevitably degrade, diminishing their barrier effectiveness
and contributing to the corrosion of the underlying metal. Hence, the ability of coatings to self-heal
becomes paramount, enhancing protection and prolonging their service life. Various self-healing
coating approaches are under investigation, utilizing both autonomous and non-autonomous healing
mechanisms [127]. The autonomous approach involves infusing coatings with healing agents and
corrosion inhibitors, enabling them to restore protective properties. However, achieving lasting healing
necessitates high levels of fillers and inhibitors. On the other hand, non-autonomous healing relies on
SMPs to revive the polymer matrix's chemical bonds and physical structure, thereby enhancing
protection. SMP-based self-healing coatings excel in repairing damaged areas due to their remarkable
SME triggered by thermal or light stimulus. By reacting to light stimulation as pigments, adding
photothermal agents to these coatings can further stimulate the mobility in the molecular chains and
the polymer matrix interlocking. These agents can harness light energy, converting it into heat energy
upon light exposure. MXene has received much interest as a photothermal agent because of its strong

photothermal conversion capability and exceptional TC. In a report by Dong et al., MXene@PANI
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composites were synthesized via chemical oxidation and used it as a photothermal agent to induce
SME of the epoxy resin (Figure 7A) [127]. The incorporation of MXene@PANI (5 wt.%) into the
epoxy resin not only improved its protective properties but also demonstrated an impressive 91% self-
healing efficiency. In recent studies, Gao et al. prepared a flame-retardant composite phase change
material (CPCM) comprising olefin block copolymer (OBC), paraffin (PA), and MXene
(PA/OBC/MXene) for secure thermal management (Figure 7B) [83]. This CPCM displayed an
impressive self-healing of 89.60% and exhibited thermal or light-driven shape memory properties.
Further, Hu et al. also manufactured waterborne polyurethane (WPU)/MXene aerogel that showed
outstanding photo-actuated self-healing and shape memory properties, with a dimension retention of
98% at 70 °C [128]. The light-actuated self-healing efficiency of WPU@MXene3/PEG reaches 82.9%.
Figure 7C depicts how the crack in the sample entirely vanishes following light irradiation. The self-
healing effect is caused by the wetting, diffusion, and re-entanglement of PEG melts and WPU soft
segments. MXene nanosheets absorb light, convert it to heat, and transport that heat to PCMs, elevating
the interior temperature to PEG melting point. When the temperature reaches the soft segment's T,
the WPU segments at the fracture disperse and re-entangle, thereby healing the break. After the NIR
light is withdrawn, PEG crystallizes, bridging the crack and effectively affixing the fractured parts.
Similarly, Lu et al. performed a study in which they created superior EMI shielding and self-healing
films using castor oil-derived WPU [99]. The addition of 2-aminophenyl disulfide accelerated the post-
chain-extending process, which was unique to their technique. This method resulted in considerable
improvements to the mechanical and functional qualities of WPU films. TisC,Tx nanosheets were well
dispersed inside WPU emulsions, which was critical to their effectiveness. This dispersion occurred
without precipitation and remained stable for more than four months. The mechanical characteristics
of the films improved significantly after post-chain extension and TizC,Tx nanosheet integration. The
sheets' tensile strength increased to a remarkable 15 MPa. Additionally, the films retained excellent

self-healing capabilities, able to heal at 60 °C within just 5 min. This rapid self-healing is attributed to
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the disulfide exchange mechanism inherent in the material. Moreover, the films exhibited notable
shape memory performance, even at a relatively low elongation at break of approximately 30%.
Recently, Guo et al. developed an efficient, multi-stimuli-responsive composite film
(CMC/PVA@MXene) with shape memory and self-healing characteristics [120]. These composite
films exhibited amazing self-healing properties, which were initiated by just moistening the
scratched surface. Figure 7D depicts SEM images of CP3@M3 both before and after the self-healing
process (for reference, films are identified as CPX@MY, where X is the mass ratio of PVA to CMC
and Y is the mass fraction of MXene relative to the CMC/PVA matrix). Moistening the scratched
surface reduced its width from 59.6 to 8.5 um. In particular, moisture-treated parts had a much lower

fracture width than untreated ones.
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Figure 7. (A) Optical images of sctrach mark before and post-NIR light exposure for (al-a2) EP, (b1-
b2) MXene/EP, and (c1-c2) MXene@PANI/EP [127]. (B) (a) Self-healing performance of PA/OBC/
MXene CPCM. SEM npictures of (b) the cut PA/OBC/ MXene CPCM, (c) the surface of PA/OBC/
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MXene CPCM, and (d) the interior of the healed PA/OBC/ MXene CPCM sample [83]. (C) POM
images for fractured cut sample and self-healed sample [128]. (D) Surface scratch self-healing process
of CP3@M3 [120]. (E) Fracture toughness and Young’s modulus of PU/MX samples [58]. (F) Stress-
strain curves for composite films with various content of TizC>Tx flakes [129]. (G) Stress-strain curves
of pure EVA fiber, pure EVA fiber after swelling-ultrasonic treatment, and MXene/CNTs/EVA fiber
[85]. (H) Tensile strength and tensile modulus of WEP and MXene/WEP nanocomposites [25].

5.2.5. Mechanical properties

MXenes with versatile composition and various surface terminates (-O, -F, and -OH) attracts huge
attention for mechanical applications. In composite materials, the inclusion of TizC>Ty, a type of
MXene, holds great promise due to its unique functional groups present on the surface and high surface
area [130]. By strengthening the connection between the polymer matrix and filler, these functional
groups on TisCoTx improve the material's overall mechanical properties. The interactions among
individual nanoflakes within TizC, macro-films also significantly impact their mechanical behavior
[131]. Xie et al. demonstrated that MXene/CNTS/EVA fibers had excellent mechanical characteristics
and deformability, making them perfect for wearable electrical devices [85]. They created a strain
sensor utilizing a swelling ultrasonic approach, leveraging the unique strain-related microcrack
structure formed by the interaction of TizC2Tx (MXene) and CNTSs, as well as the shape memory
feature of ethylene vinyl acetate polymer (EVA). The MXene/CNTs/EVA fiber can be stretched, bent,
and twisted without breaking, demonstrating outstanding deformability. The MXene/CNTS/EVA fiber
exhibits higher elongation at break than pristine EVA fibre, but lower tensile strength at smaller strains
(< 380%) (Figure 7F). Tests found that swelling and ultrasonic treatments reduced the tensile strength
of EVA fibre while increasing elongation at break. Adding 1D CNTs and 2D MXene improved the
breaking elongation and strength of the MXene/CNTS/EVA fiber, ensuring its suitability for wearable
electronics. Moreover, Chi et al. have recently introduced MXene/WE SMPCs, which displayed
enhanced mechanical properties, thermo-mechanical cycle stability, and resistance to creep, all while
preserving exceptional shape memory capabilities [25]. Figure 7G illustrates the tensile strength, and

modulus of WEP and its nanocomposites. The data reveal that as the content of MXene nanosheets
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increased, the tensile strength and modulus of the nanocomposites improved progressively.
Specifically, the tensile strength and modulus of the 2 wt% MXene/WEP nanocomposites rose by 40%
and 94%, respectively, compared to the pristine WEP, reaching 42 MPa and 749 MPa. This
enhancement is due to the effective dispersion of MXene and the strong interfacial interactions
between MXene and the WEP matrix, which reduce stress concentration and slow down crack

propagation, thereby requiring more energy to fracture the nanocomposite.

6. Applications of MXene-Shape Memory Polymer Composites

6.1. Fire alarm sensor/ Flame retardancy/Fire monitoring

MXene belongs to a novel class of 2D materials with intrinsic strong metallic conductivity, superior
mechanical stability, and outstanding thermal stability. MXene's distinct 2D structure makes it an
effective physical barrier that helps polymers to withstand fire [117]. Furthermore, it appears from the
research results that TiO2 nanoparticles are produced on MXene’s surface during burning. These
nanoparticles acts as a catalyst that effectively reduces the concentration of hazardous gases and smoke
[132] [117]. However, compared to conventional halogen and phosphorus-based flame retardants
[133], its 2D structure provides only modest protection against fire in flammable materials.
Functionalizing MXene with additional flame-retardant elements/groups/compounds can improve the
flame-retardant efficiency of MXene. It is already impressive fire resistance. Numerous studies show
how MXene reinforcement in polymers increases the flame-retardant efficiency of the base materials.
For example, Jiang et al. developed a polyimide/MXene composite aerogel (PI@MXene) that
demonstrated outstanding flame retardancy with self-extinguishing characteristic after 60 s of exposure
to a flame. They had a 78% reduction in peak heat release rate (PHRR) [134]. Zhao et al. created a
multifunctional polyimide/MXene/Ag»Se nanowires (PMA) composite that exhibits outstanding flame
retardancy with a limiting oxygen index (LOI) of 53% and PHRR lowered by more than 65% with a

trigger time of 4-8 s when subjected to fire [135]. Ma et al. developed a fire-resistant wallpaper (FAW)
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using MXene and lignocellulose nanofibrils (LCNF), achieving a 0.32 s alarm response and a
consistent alarm signal up to 3073 s [136].

However, the majority of the known thermosensitive sensors works when subjected to fire or extreme
temperatures (>150° C), showing that a warning response cannot be provided in time during the
precombustion phase [137]. Furthermore, the preliminary programming required for a change in
response temperature is often time-consuming and complicated, limiting its applicability in scenarios
when variable response temperatures are needed [138]. So, a simple, self-cutting fire alerting device
that can react to temperature changes is necessary. SMPs have distinctive characteristics, including the
capability to adjust their Tq and a comparatively more straightforward program compared to SMAs.
Due to these attributes, few research efforts have been made to advance fire-alerting devices based on
SMPs. For example, in recent work, Zhang et al. developed a flame-retardant paper based on SMPU
and MXene (SMPU/MXene) that demonstrated outstanding fire retardancy, quick self-extinguishing
performance, and reductions of 49.8% and 66.0% in total heat rate (THR), and PHRR respectively
[138]. The SMPU/MXene paper did not suffer from melt-dripping and was able to keep its original
shape, in contrast to the neat SMPU paper (Figure 8A). Jaiswal et al. successfully created a unique
heat detector/fire alarm system using a PU composite that functions as both an actuator and a heat
sensor [101]. When tested under simulated under hot water and hot air conditions, the
device performed effectively. The shape-switching property of pristine PU and PU composites, namely
PU-Ti,AIC+TizAIC2 MAX phase (PU-MAXj1), PU-TisAIC, MAX phase (PU-MAX:3), and PU-TizC>
MXene (PU-MXene), was extensively investigated by the shape recovery phenomena in hot water and
hot air environments. Figure 8B depicts the shape recovery of pristine PU and PU composites
containing 0.25 wt% MAXi1, MAX;, and MXene fillers in a hot water environment (70 °C) as a
function of recovery time. During recovery, pictures were taken at angles of 30°, 60°, 90°, 120°, 150°,
and 180°, demonstrating shape recovery with time. Figure 8B shows that pristine PU took

approximately 42 sto fully recover from its deformed shape. However, the recovery time for PU

35



composites was significantly lowered, reaching as low as 17-18 s in PU composite samples. In hot air
settings (Figure 8C), the pristine PU took 170 s to fully recover from its deformed shape. On the other
hand, the reinforcement of MAX and MXene phases improved PU's shape-switching ability, as
demonstrated by a significant reduction in overall recovery time in PU-composites. The team also
proposed a concept for a heat detector/fire alarm system based on the actuation capabilities of PU-
composite. When tested under simulated heat and fire conditions, the device performed effectively.
When the device is subjected to dry heat, the PU composite component senses heat and begins to
swiftly return to its former shape, thereby shutting the circuit and activating the alarm, as evidenced
by the LED light and sound buzzer turning on (Figure 8D). The PU-MXene component of the
proposed heat detector/alarm system can be reused several times, making the device simple and cost-
effective while distinguishing it from commercially available devices. The device was also tested in a
simulated fire environment in the laboratory where the device responded successfully when exposed
to fire (Figure 8E). Further, to carry out effective and secure thermal management, Gao et al.
developed a flame-retardant composite phase change material (CPCM) composed of MXene, olefin
block copolymer (OBC), and paraffin (PA) [83]. To enable quick heat transfer and dissipation, MXene
increased CPCM's thermal conductivity to levels over 2.3 times that of PA. The flame retardancy of
the samples was verified through a candle self-extinguishing experiment. Figure 8F demonstrates that
highly flammable PA continues to burn without self-extinguishing. In contrast, SO (0 wt% MXene)
melts and collapses under high-temperature combustion because the network structure of non-
flammable OBC cannot prevent the volatilization and release of PA. The escaped PA vapor is ignited
by the wick and burns until all PA is completely consumed. However, samples namely S1 (5 wt%
MXene), S2 (12.5 wt% MXene), and S3 (20 wt% MXene), self-extinguish entirely within 12 s while
maintaining their morphological integrity. As the MXene concentration increases, the wick's flame
becomes fainter. In this case, MXene acted as a physical barrier, containing the PA and effectively

resisting high-temperature thermal evaporation. In a recent study, Yang et al. recently synthesized
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biobased photothermal-responsive shape memory Polythioether/MXene (BEP-T-xM) nanocomposites
with self-extinguishing properties [139]. These composites were created via in-situ thiol-ene
photopolymerization of photopolymerizable MXene nanomonomer (MPS-MXene), bis(4-allyl-2-
methoxyphenyl) phenyl phosphonate (BEP), and tris[2-(3-mercaptopropionyloxy)ethyl]isocyanurate
(TEMPIC). The resulting polythioether/MXene composites exhibited excellent flame-retardant
characteristics due to phosphorus-containing groups that form phosphate compounds during
combustion. These compounds promote the dehydration of the matrix, creating a carbon protective
layer that isolates oxygen and heat. The phosphorus groups also decompose into PO-, PO;-, and
HPO- free radicals, which capture combustion-sustaining hydroxyl and hydrogen radicals, disrupting
the combustion chain reaction. Additionally, the nitrogen element in the thiol monomer TEMPIC
releases inert gases like N2 and NH3z during combustion, diluting combustible gases and encouraging

the formation of intumescent char residues.
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Figure 8. (A) Flame procedure of (a) SMPU and (b) SMPU/MXene paper [138]. Shape recovery
(recovery angle) of pristine PU, PU-MAX3, PU-MAX3, and PU-MXene composites as a function of
time in (B) hot water, and (C) hot air. Heat detector/fire alarm device containing PU composite as an
active component and its working mechanism in simulated (D) heat and (E) fire environments [101].
(F) Self-extinguishing experiment of PA and samples [83].

6.2. Actuation
SMPs offer a significant deal of potential for use in wearable technology and soft robotic systems due
to their flexibility and light weight [140] [141]. SMPs offer a unique opportunity to construct

untethered soft robots with programmable morphology and/or properties, reproducible actuation, and
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enhanced multi-functionality. In addition, these materials open up new possibilities for deployable
structures, such as deployable antennas, temporary architectures, spacecraft, and solar sails [142] [143]
due to their high deformation and actuation capabilities [144] [145] [146]. For example, Song et al.
fabricated an SMP blend system using TPU and polylactic acid (PLA) [147]. It was found that R, and
Trrans iNncrease with increasing the concentration of PLA and TPU and programming temperature. There
was no effect on the Rf by the temperature of the programming. Although SMPs can change the state
easily, they have poor mechanical properties such as low actuation force, stiffness, and strength[148].
Incorporation of nanoscale fillers into SMPs enhances their mechanical, electrical, and thermal
properties, ultimately producing improved actuators using the resulting SMP composites [41]. The
fabricated SMPCs with improved performance are actuated using various actuation methods, including
electricity, thermal, magnetic field, or light. For instance, Liu et al. demonstrated the electroactuated
shape memory behavior of a 50 wt% antimony-doped TiO. (ATO/TiO2)/SMPU sheet customized to
"IT"-shaped structure following three recovery cycles [149]. According to research by Qi et al., the
EVA/PCL/CNT system with 5 wt% CNTs was able to totally regain its original shape in 24 s at 20 V
[150]. Yi et al reported the photothermal shape recovery actuation behavior in a bending and extension
mode for the thin-walled carbon nanotubes (TWNT), RGO, and hyberbranched polyurethane (HBPU)
composite [151]. The group asserted that the TWNT/RGO composition ratio and the amount of
nanocarbon had a significant effect on the shape recovery behaviors of composites. Wang et al.
fabricated thermally and electrically actuated crosslinked polycyclooctene (PCO), Multiwalled CNT
(MWCNT), and Polyethylene (PE) [PCO-MWCNT/PE] nanocomposites. The developed

nanocomposites show remarkable triple SME cycle via both heating and electrical command [152].

39



WPU/PEG

. 3 recovered
WPU@MXenel/PEG - shape

-

WPU@MXened’PEG

Figure 9. (A) Shape memory performance of 0 wt % and 2 wt % MXene composite [41]. NIR actuated
shape recovery process in (B) extended, and (C) bent mode of MC/PU-80% shape memory composite
[153]. (D) Light-actuated Rf and R, perfomance of WPU/PEG and WPU@M Xene/PEG [128].

MXenes were also incorporated into SMP matrix to increase their actuation properties. For instance,
McLellan et al. fabricated TPU/PLA shape memory blend system with embedded TizC> flakes [41].
The mechanical, thermal, and morphological properties of 3D/4D printed structures are greatly
enhanced by the addition of TizC> flakes (0.5 wt%). The composite exhibits excellent SME results at
higher loadings (2 wt.%) of TisC: flakes, quickly recovering 98% of its original position in less than
14 s (Figure 9A). Wu et al. designed a new electrospun SMPU based actuator by coating
MXene/cellulose nanocrystals (CNCs) (MC) composites onto fibril mats [153]. The actuator could
raise a 265 times heavier object by 80% of its height in 10 seconds by optimizing composite formulas.
Figure 9B and 9C show the actuation of the MC/PU-80% in the extended and bent states under NIR
light. While the control sample stayed bent, MC/PU-80% was able to finish recovery in almost 7 s.
According to Hu et al., the WPU@MXene/PEG-PCM composite is easily bendable at temperatures
above the melting point of PEG of 70 °C [128]. The transient "U" shape can be effectively secured
once it has cooled to room temperature (25 °C) and has been relieved of external stress. Surprisingly,

WPU/PEG maintains its transient "U" shape when the NIR light is turned on, but all
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WPU@MXene/PEG-PCM composites completely recover to their original straight shape (Figure 9D).
Also, Meng et al. synthesized double-network hydrogel Ag/TizC.Tx@gelatin/poly(dimethyl
acrylamide) (PAAm) that can also be used to design soft actuators [154]. These investigations have a
significant influence on the discovery of intelligent polymers as soft actuators or robots for remote
delivery. Li et al. developed a high-performance MXene@CS@TPU composite-based sensor with
compressive strains of up to 85% at 245.7 kPa, a 19-ms response time, repeatability for 5000
compression-release cycles, and a low detection limit (LOD) of 30 N at 9 Pa [71]. Yang et al. fabricated
a multifunctional MXene/polyurethane mat-based stable strain sensor demonstrating high sensitivity,
tuneable sensing range, and low LOD [155]. The sensor can sense a variety of stimuli in addition to
lateral strain, including normal pressure, bending, and even minor vibrations. Figure 10A shows the
sensor's responses when stretched to various strains from 20% to 100% (the inset shows strains from
0.1% to 10%). Additionally, Xie et al. created a long-lasting shape memory fiber strain sensor for
measuring human mobility utilizing composites made of MXene, CNTs, and EVA (Figure 10B) [85].
This sensor offers excellent sensitivity, rapid response times, and a wide strain measurement range. In
case of damage, it can be restored to 92% mechanical and 94% electrical performance through a 2 min
heating or 5.4 s infrared light treatment. Pu et al. created multilayered ultrasensitive AgNW/WPU-
MXene fiber strain sensors with a broad working range [156]. Figure 10C illustrates relative resistance

changes from 0% to 60% strain, with an inset highlighting the curve within the 0-20% strain range.
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Figure 10. (A) Responses of the MXene/PU-based mat sensor upon stretching to different strains
varying from 20%-100% (inset showing strains ranging from 0.1% to 10%) [155]. (B) Change in
MXene/CNTSs/EVA fiber relative resistance at a tensile strain of 30% under various tensile speeds
[85]. (C) Change in relative resistance at different strains from 0% to 60% (inset: 0—20% strain curve)
[156]. (D) The energy storage and release performances of MF@MA/ PEG [157]. (E) WPU/PEG and
WPU@MXene/PEG performances in energy storage and release. The change in temperature during
heating and cooling operations were captured in infrared photos and the associated temperature-time
curves [158].

6.3. Energy Storage
The identification of PCMs as potential latent heat storage materials has generated a great deal of

demand in the areas of energy-efficient structures, thermal control of electronic devices, and healthcare
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settings [159, 160]. However, PCMs have some significant disadvantages in real-world applications,
such as easy leakage above the PCMs' melting point [161], low TC which slows the heat storage speed
[162, 163], a lack of light and electric responsiveness [164], and high rigidity [165], which prevents
PCMs from being installed in confined spaces or coming into close contact with objects. In this
approach, a number of researchers have looked into carbon-based materials to create shape-stable
PCMs with photothermal conversion and energy storage characteristics [166] [167] [168].

MXene has received much research attention compared to carbon-based materials because of its
extraordinary photo absorption capacity, resulting in improved solar-to-thermal conversion
performance of PCM composites [169]. For instance, Fan et al. developed a new PEG /TisC,Tx layered
PCM composite with excellent photothermal storage performance, high energy storage density, and
shape stability before and after phase transformation [170]. Lu et al. fabricated a PEG @MXene
composite that exhibited remarkable photothermal and electrothermal conversion with thermal energy
storage properties [171]. Lin et al. infused PEG with a lightweight MXene aerogel, resulting in PCM
composites with efficient solar energy to heat conversion [172]. Mo et al. developed a unique
polyethylene glycol (PEG 2000) PCM composite anchored in a TisCoTx@PVA foam scaffold, which
exhibits good photothermal conversion efficiency, high thermal conductivity, thermal energy storage
ability, and structural stability [173]. However, due to the brittleness of MXene scaffolds, these
MXene-based PCMs could have high stiffness and limited flexibility. Moreover, due to the rigidity of
PCM composites, the installation would be problematic, and contact with target device surfaces would
be insufficient, significantly limiting applications in thermotherapeutic devices and flexible wearable
heaters [157]. Therefore, the selection of flexible MXene scaffolds is crucial for the development of
PCM shape memory composites. One successful way to fabricate MXene aerogels with high porosity
and exceptional elasticity is to combine MXene with water-soluble polymers. For instance, Shao et al.
developed a novel PCM composite by incorporating MXene-coated melamine foam (MF@M Xene)

into PEG, which exhibited excellent shape fixation and recovery effects, with excellent encapsulation
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properties, and effective solar energy to thermal conversion [157]. Furthermore, He and colleagues
recently reported the preparation of multifunctional PCM composites by vacuum-impregnating porous
MXene/silver nanowires (MA) hybrid sponges with PEG [125]. Being an excellent photon absorber,
the MA hybrid fillers provided the MF@MA/ PEG composites the ability to convert and store light
into thermal energy (Figure 10D). The composite also exhibited considerable photoinduced shape
memory function and had high R (~100%) and Ry (~100%) values. Hu et al. developed a photoinduced
and flexible PCM composite by encapsulating PEG in a polyurethane (WPU)/MXene aerogel [158].
The composite PCM was characterized by excellent dimensional stability, impressive phase change
enthalpy value, outstanding solar to thermal energy conversion performance (Figure 10E), and energy
storage potential. The composite's Ry value and self-healing efficiency were also determined to be
100% and 82.9%, respectively.

6.4. Electromagnetic Interference (EMI) Shielding

The exponential expansion of technology and electronic devices has led to EMI caused by various
sources such as radio frequency interference, electromagnetic (EM) coupling, electrostatic discharge,
and leakage/induction [174]. High-energy EM signals have increased due to the adoption of 5G
technology, which causes mutual interference that impairs device performance [175]. EMI adversely
affects electronic devices and electrical systems, impacting communications, military, medical, and
remote sensing industries [176]. Prolonged exposure to EM radiation poses health risks like cancer,
asthma, heart disease, migraines, and miscarriages [177]. Effective reduction of electromagnetic
radiation is needed to address this risk. Until now, metals and composites have been used as EMI
shielding materials, that are highly effective due to their conductivity, mechanical properties, and
permeability. However, these materials also had disadvantages such as low flexibility, high density,
and susceptibility to corrosion. In recent years, researchers have explored polymeric materials because
of their flexible, lightweight, processable, chemically resistant, and scalable properties beyond metallic

materials' limitations. When appropriate  conductive fillers, including carbon-based

44



nano/microstructures, are added, intrinsically conductive polymer-based materials provide better
corrosion resistance and electrical conductivity [178]. These fillers create an electrically conductive
network in a polymer matrix, which enables light EMI shielding. For better EMI shielding, achieving
a percolation threshold at low filler content is essential. Surface modification, surfactants, and
functionalization can all help to create an appropriate filler dispersion. Structural design and hybrid
filler composites also contribute to excellent shielding efficiency. MXenes have been identified as
viable candidates for EMI shielding due to some exceptional characteristics, such as high electrical
and thermal conductivity, layered structure, flexibility, and mechanical stability. On the other hand,
shape memory allows SMPs to adapt to different EMI shielding requirements, making them adaptable
and versatile. However, oinadequate electrical properties of SMPs' restrict their utility in EMI shielding
applications. Fortunately, the discovery of MXenes with superior inherent metallic conductivity, which
does not require difficult chemical reduction, opens the possibility of using them as substitutes for
other EMI shielding materials [179]. Shahzad et al. were the first to report the electrical conductivity
of TizCaTx-based films, which is 4600 S/cm for pure TisC2Tx films, as well as their outstanding EMI
SE and high SSE/t of 30830 dB cm? g [180]. The ability of MXene film to shield EMI was effective
up to 92 dB.

MXenes are capable of interacting with polymer chains due to the numerous active functional groups
that are present on their surface. This allows for the fabrication of high-geared EMI-shielding polymer
composites [181] [182] that are flexible but structurally robust. According to recent reports, Liu et al.
developed a shape-stabilized MXene/ PCM composite with an improved thermal conductivity of 0.74
W/mK and a great EMI SE of 64.7 dB in the X-band [183]. However, these MXene composites are
less flexible and non-healable and require constant force to maintain compression, further reducing
EM shielding, which is unfavorable for their use in modern electronics. As a result, including shape
memory functionality into shielding composites offers a simple method to modify the shielding

effectiveness by altering the shape triggered by an external stimulus. For instance, Yuan et al. prepared
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single-sided and double-sided MXene/PU fabric (SMPUF/DMPUF) that demonstrated good
mechanical properties and EMI SE of >~20 dB at a stretching process within 30% deformation in the
X band, which makes it a potential candidate in wireless sysytems, robotics, and flexible electronic
devices [184]. The shielding process of the SMPUF and DMPUF is shown in Figure 11A. A TPI-
M/CF composite with outstanding thermally and electrically driven shape memory capabilities was
developed by Jia et al. It can be easily distorted and restored when heated over the melting temperature
and fixed to a transient shape at low temperature [185]. The composite showed increased EMI SE
of ~25.3-44.7 dB with intelligent function-tunable or function-switchable characteristics. In another
study, Jia et al. constructed an MXene-based conductive polymer composite (CPC) foam with
outstanding EMI SE of ~23.5-39.8 dB [186]. Moreover, under 0-40% compressive strain, the SE value
of the composite foams can fluctuate between ~27.7 and ~16.2 dB (Figure 11B), indicating a
significant usage in EMI shielding. Additionally, the composite foams can survive several
compressions and can flex between 20 and 60% before returning to their original thickness. Further,
Lu et al. fabricated a self-healing castor oil-based WPU/MXene coating with remarkable EMI SE (51
dB) and outstanding shape memory capability (Figure 11C) [129]. At such a low elongation break
(30%), the mechanical property rises to 15 MPa while still possessing the shape memory and self-
healing ability. In a recent study, He et al. prepared multifunctional MF@MA/PEG composites that
demonstrated good thermal and electrical conductivity, high dimension retention ratio, and
better latent heat (Figure 11D) [125]. The composite exhibited high Rs and R, values, with significant
photoinduced shape memory function. The composites may provide tunable EMI SE from 12.4 to 30.5
dB by including shape memory properties. Liu et al. fabricated nanocomposite films incorporating
polyurethane and MXene, featuring a structure reminiscent of nacre, designed for EMI shielding. In
instances where the polyurethane content reaches 20 wt.% and the tensile strength measures

approximately 100 MPa, the SE of this film reaches an impressive 49.4 dB [58].
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Figure 11. (A) EMI shielding mechanism of the SMPUF and DMPUF fabric [184]. (B) SE total of
PDMS-PANI/mPP foam with different MXene content [186]. (C) SE total of the films on the X-band
with various MXene content [129]. (D) SE total of MF/PEG and MF@MA/PEG [125].

6.5. Biomedical Applications

SMPs are increasingly being explored in the domain of biomedical due to their advantageous qualities,
which include low density and weight, outstanding flexibility, and biocompatibility [187]. By changing
the porosity, orientation, and microstructures, SMPs can be tailored to mimic biological materials such
as natural extracellular matrices [188]. SMPs find applications in a variety of biomedical processes,
including drug delivery [189] [190], tissue engineering [191] [192], wound dressing [193], fabrication
of biomedical devices, and medical imaging [194]. However, it's worth noting that the operational
principle of SMPs primarily involves exposure to heat, causing the polymer to undergo creep under
stress due to the limited lifespan of chain linkages within the polymer structure at elevated
temperatures [188]. In addition, SMPs have low mechanical strength and poor surface wettability.
Therefore, fillers are often added to improve these properties [187].

MXenes possess some attractive properties, like hydrophilicity, antimicrobial nature, biocompatibility,
and non-toxicity to living organisms [195], which makes them perfect for biomedical applications

[196]. Also, MXenes are known for their robust absorption characteristics in the near-infrared (NIR)

47



spectrum. This attribute unlocks exciting promises for applications in both in vivo photoacoustic
imaging (PAI) and photothermal therapy (PTT), particularly within the first or second biological
window. [197]. MXenes are extensively researched and developed for a variety of biological
applications because of their fascinating physicochemical characteristics, including drug delivery
systems [198] [199] [200], bioimaging [201], therapeutic diagnostics [202] [203], implants [204]
[205], tissue engineering [206] [207] [208], and antibacterial agents [209].

6.5.1. Drug Delivery

SMPs play an important role in drug delivery. Lendlein et al., for instance, used SMPs in a
drug delivery system to provide regulated drug release [210]. Initially, the SMP completely envelops
the drugs on its surface, providing complete coverage. Once the drug delivery system enters the body,
the SMP gradually releases a specific dose of the drug at a controlled rate by precisely controlling the
rate of reforming. This intelligent control enables targeted drug release at predetermined sites. In
addition, Ameer et al. developed a novel sequence of biodegradable elastomers derived from citric
acid. These innovative elastomers also exhibit a SME, enabling their use in drug-release systems that
activate at therapeutically appropriate temperatures [211]. The temperature-dependent delayed release
was observed when tiny hydrophobic aliphatic diols were added to these elastomers. Moreover, Li et
al. developed a drug-releasing SMP relying on poly(methyl methacrylate-co-butyl acrylate). The SMP
properties of this polymer can be activated by ultrasound stimulation while concurrently releasing a
model compound of copper sulfate, which is present at a concentration of 5 wt% [212]. Surprisingly,
drug delivery can thus be stopped at any time, with partial shape recovery. Another application for
SMPs as drug delivery systems can be seen in cardiovascular stents. Wache et al. were the first to
propose drug-eluting stents made from SMPs. The injection-molded prototype stent was made of
TMPU [213]. Later, Gall and Yakacki et al. began to use thermosetting (meth)acrylates to fabricate
SMP stents [214]. Sun et al. also made a PLA-based biodegradable coil stent that once warmed to body

temperature, the spiral stent returned to its original shape [215]. In addition, Chen et al. made a
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biodegradable stent possessing shape memory properties using a blend of chitosan films combined
with glycerol and poly(ethylene oxide), all cojoined with an epoxy resin [216]. When hydrated, this
stent can rapidly expand, transitioning from its crimped (temporary) state to a fully expanded
(permanent) state in just 150 s. Yang et al. have made biodegradable crosslinked networks using PEG
and PCL copolymers which are biocompatible. These networks exhibit good shape memory properties
with Trm close to body temperature, making them highly suitable for biomedical applications [217]. A
six-arm PEG-PCL polymer network was employed by Gong et al. to build a bi-directionally
recoverable SMP that might be used as a reversibly converted micrometer-sized drug delivery carrier
[218].

MXenes, with their high surface area and tunable surface chemistry enable efficient loading and release
of therapeutic agents, making them highly effective in drug delivery [219]. Their inherent electrical
conductivity can be leveraged for stimuli-responsive drug delivery systems, where drugs are released
in response to external signals such as light or magnetic fields. Moreover, the ability of MXenes to
form stable colloidal suspensions enhances their dispersibility in biological environments [220],
facilitating targeted drug delivery and minimizing off-target effects. These combined attributes
position MXenes as a promising material for advanced drug delivery systems.

6.5.2. Tissue Engineering

In bone tissue engineering, SMPs offer minimally invasive implantation and good self-adaptation in
bone defects [221]. For example, Zhai et al. have engineered composite scaffolds composed of poly(N-
acryloyl glycin amide) and nanoclay [222]. These scaffolds have demonstrated the ability to stimulate
osteogenic differentiation and facilitate the regeneration of bone tissue, showcasing their potential in
regenerative medicine [223]. Melissa A. Grunlan et al. devised a SMP scaffold through photo-
crosslinking PCL [224]. When the PCL material was heated to, or above, its Tg, the previously rigid
cylindrical framework softened, allowing it to be mechanically shaped into irregular forms. Upon

cooling, this altered shape was retained, illustrating the remarkable shape memory properties of the
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material. Wang et al. printed 3D shape memory scaffolds with superparamagnetic iron nanoparticles
to induce osteogenic induction [225]. In a recent article, Xuan et al. discussed the use of SMPs for
cartilage regeneration. They used bioactive kartogenin in their polymer, which promotes cartilage
regeneration [226].

MXene can play significant and advantageous roles in developing novel inorganic composite materials
for bone tissue regeneration, particularly for enhancing mechanical properties, biocompatibility, and
osteoinductivity [227]. Xie et al. have introduced a multifunctional implant Sp@MXGelMA that
exhibits improved cytocompatibility, osteogenesis, and osseointegration [204]. Chen et al. investigated
the impact of OTES-TizC2T/PLA on bone formation by combining TisC.T, MXene with PLA [228].
The prepared membrane was tested on mice and shown to simultaneously improve cell adhesion,
proliferation, and osteogenic differentiation.

6.5.3. Wound Healing

Shape memory nanofibers have also found applications in wound treatment. Li et al. developed an
electroactive PU-SMP for wound dressings [229]. In addition to its shape memory capabilities, which
can help heal injured or open wounds without additional suturing, the material exhibited radical
scavenging properties. Zhao et al. synthesized a hemostatic injectable antimicrobial conductive SMP
[230]. The SME is used here to compensate for uneven wounds in combination with pressure after
polymer expansion. MXene, an excellent photothermal agent, can effectively treat wound infections
in photothermal therapy. Due to its 2D structure, MXene increases the effective contact between
bacteria, thus improving antibacterial efficacy. Xu et al. fabricated a nanofiber membrane comprising
of amoxicillin (AMX), MXene, and PVA [231]. The developed membrane showed high antibacterial
activity and improved wound healing. As a photothermal component [232], M Xene has attracted great
interest because it exhibits internal light-to-heat conversion efficiency of nearly 100%, and can be used
in wound dressings, as it has good light-transmitting effect that can repair skin repair [233] [234]. Hu

et al. also demonstrated good photothermal characteristics of MXene based shape memory hydrogel
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as a wound dressing that exhibited a surface temperature of 86.4 °C after 20 s of light exposure, making
it ideal for skin repair treatments [121]. In a recent study, Wu et al. developed a hemostatic antibacterial
chitosan/N-hydroxyethyl acrylamide (NHEMAA)/TizC2Tx (CSNT) cryogel through physical
interactions and spontaneous NHEMAA condensation [235]. Pure chitosan cryogel (CS) and
chitosan/NHEMAA cryogel (CSN) were also prepared for comparison. The synergistic effect of
hydrophilic, negatively-charged MXene and positively charged chitosan resulted in dense cross-
linking networks in the CSNT cryogel. The CSNT cryogel exhibited a large pore structure (~99.07%)
and superfast water/blood-triggered shape recovery, making it ideal for wound filling, which is
ascribed to the hydrophilic groups of TisC, Ty that enhnaced the pore structure and provided a capillary
effect. The cryogel showed good photothermal antibacterial activity, biosafety, and effective in vivo
wound healing. When tested against Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus),
the CS, CSN, and CSNT cryogels demonstrated a progressive decrease in colony numbers, which can
be attributed to their tiny structures and active sites on the pore surface. Following 100 s of NIR
irradiation, the CSNT cryogel (NIR-CSNT) showed few colonies, indicating higher photothermal
antibacterial efficacy, potential for wound infection prevention, and improved blood-clotting
capabilities as hemostatic materials. A variety of elements contribute to the CSNT cryogel's quick
hemostatic effect. The cryogel's complex porous structure absorbs plasma and traps hemocytes,
creating a blood clotting barrier. Protonated amino groups interact with blood cells, causing platelets
to activate and aggregate. The negatively charged TisCoTx stimulates platelet activation and the
clotting cascade, while its lipid affinity increases lipid buildup in blood, all of which contribute to the
cryogel's hemostatic properties. Furthermore, chitosan hindered MXene oxidation, guaranteeing the
long-term preservation of the MXene-reinforced cryogel by adhering to the chitosan chain via

electrostatic interaction and preventing MXene oxidation.
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6.5.4. Other Biomedical Applications

SMPs could also be used as cell/drug/protein transporters. Because of their injectability and shape
memory properties, SMPs can be used in bioprinting, minimally invasive surgery, and precision
medicine [236]. However, MXene-incorporated SMPs have hardly been explored in the
abovementioned domains. The synergism among SMPs and MXenes can be greatly useful in bone
tissue formation, wound healing, and drug delivery. Some researchers have focused on
improving/modifying the properties of MXene materials to explore other biomedical applications. For
example, the potential of Mo.C-PVA nano-flocks for theranostics in nanomedicine was examined by
Feng et al. They discovered that they exhibit fascinating broad absorption bands covering the NIR in
both the I and Il regions in addition to having great biocompatibility and quick degradability [237].
The great photothermal conversion increased the prospects of photothermal cancer ablation with
MXene-based polymers. Wang et al. created a MXene-based shape-programmable supermolecular
nanocompsite film by combining MXene and PVA [115]. MXene acts as crosslinking sites in the
nanocomposite and provides additional intermolecular hydrogen bonding contact with PVA, which
gives this film a strong shape-fixing property. In another report, Han et al. found that TizC> MXene
surface modification has an ablating temperature of 68.5 °C by NIR laser and a 74.6% inhibition rate,
effectively killing the tumor cell as a result of the synergistic impact [238].

7. Perspective on MXene and other Carbon-based fillers

MXene has emerged as a viable filler for improving the characteristics of SMPs. These 2D transition
metal carbides, nitrides, or carbo-nitrides have a distinct set of mechanical, electrical, and thermal
characteristics that make them ideal for improving the performance of SMPs. MXenes have a large
surface area, high electrical conductivity, and extraordinary high mechanical strength, which together
lead to considerable improvements in the functioning and efficiency of SMPs. MXenes have a distinct
set of surface functional groups like OH, -F, and -O on their surface that allows for the flexible

chemical modifications, which enhance their compatibility with different polymer systems [239]. This
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customizable surface chemistry may be used to increase adhesion and interfacial interaction between
MXenes and the polymer matrix, resulting in superior mechanical and thermal performance.
Furthermore, the chemical adaptability of MXenes, which may be adjusted by changing the transition
metal and surface terminations, can provide a great degree of control over the composite material's
ultimate qualities. On account of this, in addition to the most often used TizC> MXene, additional
MXenes such as vanadium carbide (V4Cs), niobium carbide (Nb2C), and molybdenum carbide (Mo.C),
among others, provide a wide range of functionalities that may be adapted for specific applications.
For instance, incorporating V4Cz MXene into SMP matrix, can significantly enhance electroactive
properties due to its excellent conductivity and high surface area, making the composite more suitable
for applications like sensors, actuators, and energy storage devices [240] [241]. Nb.C MXene, with its
outstanding mechanical strength and stability, can potentially increase the longevity and mechanical
characteristics of polymer matrix [242], making it a great contender for several applications, including
batteries, supercapacitors, photocatalysts, and photovoltaics. In comparison to TisC2 MXene, Nb,C
MXene show higher electroconductivity and wettability due to its lower Fermi energy level [244].
Mo2C MXene, known for its strong catalytic capabilities, can improve the thermal and chemical
durability of polymers [245] [246]. Overall, the choice of MXene is determined by the desired
improvement in the polymer matrix, with each MXene contributing specifically to the polymer's
characteristics, which include mechanical strength, electrical conductivity, thermal stability, and
catalytic activity. In contrast, carbon-based fillers, such as graphene and CNTs, which have remarkable
mechanical, thermal, and electrical characteristics, are less capable of surface functionalization [243].
Graphene and CNTs have inert sp>-hybridized carbon structure [244], with few reactive sites for
functionalization [245]. This stability, while is useful for retaining their fundamental features, poses a
challenge for introducing functional groups. Also, MXene and graphene fillers exhibit distinct
hydrophilicity behaviors that significantly influence the properties of SMPCs. MXene is known for its

high hydrophilicity due to the presence of polar functional groups (-OH, -F, and -O) which enhances
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its dispersion in polar solvents and its interaction with hydrophilic polymer matrices [246] [247],
leading to improved mechanical properties and better stress transfer within the composite [248] [249]
[250]. Moreover, efforts are also been made to disperse the hydrophilic MXene into hydrophobic
polymers as well. In this respect, Liu et al. reported the uniform dispersion of hydrophilic TizC2Tx
MXene into hydrophobic polybenzoxazine (PBZ) [246]. The team enhanced the amount of the -F, and
-O terminations on the surface of TisC2Tx MXene by different etching conditions, and prepared the
composite by solvent-assisted drop-casting and annealing method. The formation of H-bonds between
MXene and BZ accelerated the ring-opening polymerization and enhanced the interfacial interactions.
The composites exhibited enhancement in tensile strength of 22.1%, impact strength of 50%, and
thermal conductivity of 67.3% when the filler content was only 2 wt%. In contrast, graphene, although
it can be modified to exhibit hydrophilic properties, is intrinsically hydrophobic. This intrinsic
hydrophobicity can lead to challenges in dispersion within hydrophilic polymers [251], often requiring
functionalization to improve compatibility and dispersion. Further, MXenes' superior conductivity
allows for efficient thermal and electrical routes inside the polymer matrix, resulting in rapid and more
uniform heating and activation of the shape memory response. Gogotsi and team created MXene films
that are flexible, foldable, electrically conductive, hydrophilic, and very stable in water [252]. Among
other findings, y discovered that pure MXene sheets conduct electricity better and hold more charge
than graphene and carbon nanotube "paper." TisC>Tx films have electrical conductivities of 2.4 x 10°
S/m, which is significantly greater than graphene or CNT "paper" [252]. This feature is very useful in
SMPs, where electrical conductivity may be used for electroactive SMEs.

8. Challenges and Future Prospects

MXene-enhanced SMPCs are a promising way to advance materials science, with applications ranging
from flexible electronics to biomedical devices and smart fabrics. MXenes' outstanding electrical
conductivity, mechanical strength, and adjustable chemistry, along with polymer shape memory

capabilities, provide a diverse foundation for novel technologies. Despite their great promise, a number
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of scientific barriers must be overcome before these materials may be applied in the real world. First
of all, the costly manufacturing of MXene is a significant limitation, as it hinders widespread adoption
and scalability for commercial applications. A promising solution is the development of cost-effective
fabrication techniques with simpler etching processes using sustainable synthesis approaches. These
advancements can lower manufacturing costs, improve scalability, and make MXene more accessible
for a wider range of applications, allowing it to reach its full potential in a variety of sectors. Another
most significant issues are the intrinsic instability of MXenes, namely their vulnerability to oxidation
due to their hydrophilic character. This deterioration can considerably reduce the performance and
lifetime of MXene-enhanced composites, making it critical to develop stabilization approaches for
these materials. Surface functionalization approaches, such as coating MXenes with protective layers
or incorporating stabilizing agents, should be introduced for increasing the oxidation resistance and
polymer matrix compatibility. For instance, Ji et al. conducted a study where they functionalized TisC>
MXene with silylation reagents, specifically (3-aminopropyl)triethoxysilane (APTES), to modify its
hydrophilicity [253]. By functionalizing TisC, with APTES, the APTES molecules attach to the surface
of TizC> through their silane groups, forming a protective layer that prevents water molecules from
coming into direct contact with the MXene surface, making it less prone to degradation in aqueous
environments. Similarly, optimizing the dispersion of MXenes within the polymer matrix is another
essential issue to be addressed. MXenes agglomerate due to their high surface energy, resulting in
heterogeneous composite structures that can degrade mechanical and functional qualities. Techniques
such as chemical doping, interfacial engineering, and refinement of fabrication methods like solution
mixing, in situ polymerization, etc can improve interfacial bonding and enhance the overall properties
of the composites. Researchers have examined a variety of functionalization techniques, including the
use of PEDOT [254], PVA [255], amino silanes [256], and dopamine [257] [258]. For instance, Liu et
al. synthesized ultra-high specific surface area aerogels with nitrogen-enriched TizC>Tx nanosheets for

high-performance supercapacitor electrodes [259]. The researchers described a simple technique that
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combines nitrogen doping with 3D structure creation on MXenes to avoid MXene nanosheet restacking
while also improving electrochemical performance by enhancing the number of active sites, and
electron mobility.

To overcome all the aforementioned bottlenecks, multidisciplinary research initiatives are critical.
Collaboration among materials scientists, chemists, and engineers can lead to the creation of innovative
MXene-enhanced composites with tailored characteristics for particular applications. Furthermore,
establishing scalable and cost-effective manufacturing procedures is critical for large-scale production
and commercialization of MXene-SMP composites. In conclusion, while MXene-enhanced SMPCs
hold immense potential for revolutionizing various industries, overcoming the existing scientific and
technical obstacles is critical to their successful commercialization. By focusing on stability,
compatibility, interfacial bonding, and environmental sustainability, researchers can unlock the full

potential of these advanced materials.
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