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Scientists have always been inspired by nature to design complex nanostructures and architectures with
special features and functions. Latest among these is the construction of bioinspired MXenes and MXene-
based structures with unique features such as high flexibility, strong electrical conductivity, high stability/
biocompatibility, lower toxicity, and special mechanical properties. There are important challenges ahead
though, including the design of MXenes for single-purpose uses with high specificity and targeting
properties or multi-purpose applications with special therapeutic and functional capabilities with improved
toxicity and biosafety profile, environmental stability under diverse conditions, and industrialization/
optimization of the production process. The use of suitable manufacturing techniques with ecofriendly
features and retracting the deployment of toxic and harmful substances is one of the leading challenges in
the production of MXenes or MXene-centered composites. Inspired by biological systems, MXene-based
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Accepted 17th May 2022 capabilities; novel methods with sustainable and environmentally benign attributes ought to be realized for
DOI: 10.1039/d2ma00151a materials with unique designs (well-designed heterostructures and organic—inorganic hybrid materials) and

desirable functions. Herein, recent advances pertaining to bioinspired and biomimetic MXenes and MXene-
rsc.li/materials-advances centered structures are discussed, focusing on important outcomes and future directions.
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1. Introduction

Biological structures with interesting functionalities have
always attracted researchers to develop various novel nanoarch-
itectures and materials inspired by natural patterns. Recent
advancements in engineering and materials science facilitate
the creation of bioinspired (nano)structures with suitable
multifunctionality, besides the improved properties. By learning
from nature to produce biomimetics and bioinspired materials,
various structures with unique physicochemical properties have
been designed.' MXenes and MXene-based composites with their
fascinating properties have been widely explored for diverse
applications such as gene/drug delivery, biological imaging/
sensing, water desalination/treatment, tissue engineering,
regenerative medicine, and cancer theranostics.”” These materials
with diverse structural designs can be applied in various fields of
electromagnetic interference (EMI) shielding, supercapacitors,
electromagnetic wave absorption, solar cells, and wireless
communication.* "' As an example, EMI shielding with high
performance was synthesized using MXenes (Ti;C,T,) via a simple
electrophoretic deposition technique.'” In terms of the biomedical
value of these compounds, Yin et al."® reported the synthesis of
Nb,C MXene-integrated three-dimensional (3D)-printing scaf-
folds against osteosarcoma, promoting osteo-conduction,
-genesis, and -induction, as well as pushing the vascularization
for bone regeneration."

MXenes is one of the largest families of two-dimensional
(2D) materials with adjustable structures, elastic mechanical
strength, large surface area, high electronic conductivity, and
environmental stability.'®'* They have been broadly constructed
by chemical vapor deposition,® electrochemical synthesis,'®
hydrothermal synthesis,'” urea glass technique,'® and various
etching techniques, including electrochemical-, alkali-, molten salt-,
and in situ hydrofluoric acid-forming etching approaches;'*>" the
selection of synthesis methods for MXenes significantly depends on
their MAX precursor. Barsoum et al.?* have reviewed the fabrication
methods for MXenes and other ultrathin 2D transition metal
carbides and nitrides. Besides, Gogotsi et al.>* have discussed about
the synthesis/processing of MXenes in addition to their structures,
electronic/optical properties, and surface chemistry. Further-
more, in this direction, improving the performance and stability
aspects, creating special properties and structure, reducing the
toxicity, increasing the biocompatibility/biodegradability, and
transforming laboratory scale generation into industry level
production can be named as leading challenges.>**°

The construction of new micro and nanostructures with
unique features, especially those inspired by nature, has always
garnered the attention of scientists; assorted nature-enthused
structures with high activity have been explored comprising
bioinspired polymeric woods, lotus-leaf-like super-hydrophobic
surfaces, and nacre-like structures.’*** The development of
bioinspired and biomimetic (nano)structures embrace various
fields of application such as drug/gene delivery, healing biolo-
gical systems, textile industries (e.g., bioinspired fur from the
polar bear), and waterproof effect (lotus leaf).>*** These mate-
rials have shown suitable advantages of cost-effectiveness and
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environment-friendliness as compared to other available ones.
In the field of drug delivery, they have exhibited improved
biocompatibility, biodegradability, and targeting properties
compared to other conventional materials;*® in cancer therapy,
they have exhibited reduced side effects by improved targeting
properties. By the combination of biological and synthetic
systems, innovative drug or gene carrier systems can be devel-
oped. Such delivery systems have demonstrated important
benefits of improved biocompatibility, low toxicity, and lesser
immunogenicity.’” In addition, bioinspired sensors systems
present attractive features such as ultra-sensitivity, low-power
consumption, and self-adaptability.*® In one study, the produc-
tion of spider web-inspired graphene skeleton was reported
with appealing potentials in battery thermal management.*® In
addition, a mussel-inspired tactic was described for designing
conductive polymeric nanoparticles with high biocompatibility;
the prepared hydrogels with long-term adhesiveness from these
nanoparticles have been employed in implantable bioelectro-
nics and tissue regeneration applications.?® By innovatively
designing bioinspired MXene-based structures, a new path for
the improvement of their properties such as adsorption perfor-
mance, flexibility, photothermal conductivity, electric conduc-
tivity, and mechanical features has opened up.*'™** However,
the efforts still need extensive and focused exploration to
uncover simple, inexpensive, and up-scalable techniques for
designing bioinspired MXene-based structures with high
performance and improved features.***” Furthermore, by applying
suitable functionalization/modification procedures, vital criteria of
bioinspired MXene-based structures such as multifunctionality,
stability, and biosafety can be better adjusted and improved.*'™**
Biomimetic and bioinspired MXenes with special features will soon
find their distinctive position on research platforms focusing on the
biomedicine and nanomedicine arena. They can be applied for
developing next-generation smart nanosystems with clinical and
biomedical potentials.>**>° The shift toward the clinical use of
MXenes and their derivatives with detailed assessments is
warranted so that these substances, similar to many recognized
materials, do not remain just at the laboratory level of biomedical
curiosity without clinical uses; this necessitates detailed and
long-term studies to find existing gaps and accurate evidences.
Herein, the recent advances pertaining to bioinspired MXenes
and MXene-based composites are highlighted, in view of their
importance with an outlook on the future developments.

2. Bioinspired and biomimetic
synthesis of nanomaterials

A variety of bioinspired and biomimetic synthesis strategies
have been introduced to obtain nanostructures with unique
morphologies and architectures.*®*" In particular, the abundance/
availability of biomass and facile fabrication processes make these
synthesis strategies very promising for the up-scalable fabrication of
nanomaterials;>> however, biomass templates may exhibit
some degree of inflexibility. Typically, biomimetic techniques
can be divided into high-level biomimetic synthesis through

© 2022 The Author(s). Published by the Royal Society of Chemistry
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soft/hard-combined membranes (e.g., artificial-active-membrane,
eggshell-membrane, and commercial-polymer-film), intelligent
biomimetic fabrication through liquid membranes with carriers
(e.g., emulsion liquid membrane, supported liquid membrane
systems, and reverse-micelle/microemulsion biomimetic techni-
ques), living-organism biomimetic fabrication techniques
(plants or microorganisms), and bioinspired fabrication through
biomacromolecule regulation (e.g., protein-, nucleic-acid-, and
polysaccharide-based templates). For instance, soft templates
such as reverse micelles, liquid crystals, and microemulsion,
in addition to hard templates such as anodic aluminum oxide
and carbon nanotubes, can provide attractive tools for manu-
facturing nanostructures via their template-inducing effects
and confinement abilities, respectively.>*** Nanomaterials pre-
pared by applying hard templates have some advantages of
uniformity and predictability, together with some limitations of
inflexibility or difficulty to obtain complicated architectures.
On the other hand, by applying soft template techniques,
unique nanostructures can be obtained. However, they have
the disadvantage of difficult control of the size/uniformity of
the nanostructures, signifying the importance of optimization
conditions.***”
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3. Bioinspired and biomimetic MXene
structures

There is a vital need to design simple, low-cost, safer, and
environmentally-benign methods with reliability for manufacturing
MXenes. In this context, nature-inspired techniques have been
rarely studied for synthesizing MXenes and their derivatives
(Table 1).°* MXene-integrated photonic crystal arrays have been
constructed inspired by the wettability structure of Stenocara
beetle and the adhesion capability of mussel; these arrays were
employed for multichannel bioinformation coding.>®> The
designed MXenes were further integrated on the photonic
crystal array’s substrate mimicking the adhesion capacity of
mussel-inspired dopamine. Because of their fluorescence reso-
nance energy transfer influence, these MXene nanosheets could
quench the fluorescence signals of quantum dot-altered DNA
probes unless the corresponding targets exist. Also, these
nanosheets could improve the contrast of structural color.>
Flexible bioinspired MXene (Ti;C,T,)-based films constructed
from cellulose nanofibers, MXenes, and silver nanoparticles via
a vacuum-assisted filtration technique exhibited high thermal
conductivity; this was mainly because of the bridging effect of

Table 1 Some selected examples of bioinspired/biomimetic MXenes with their applications and advantages

MXenes Inspired structures Applications Advantages/properties Ref.
Ti;C, Inspired by the wettability Multichannel bioinformation - High throughput information 55
structure of Stenocara beetle coding - High stability
and the adhesion ability of
mussel
TizC,T, Nacre-like structures Multifunctional thermal - High flexibility and thermal conductivity 56
management film - Unique mechanical, photothermal, and light-to-heat
performance
TizC,T, Inspired by black scales of Solar steam formation and - High light-to-heat performance with broadband light 6
Bitis rhinoceros wearable thermal management absorption
Ti;C, Inspired by the multisensory User-interactive electronic skin; - Excellent electromechanical features 57
feature of biological skin next-generation flexible - Suitable Joule heating function
electronics - Ultra-flexible and user-interactive
Ti;C,T, Nacre-like structure High-power flexible devices - High thermal conductivity 58
- Improved electrical insulation
Ti;C,T, Nacre-like structure Electromagnetic interference - High flexibility 59
(EMI) shielding - Suitable mechanical properties
- Superb electric conductivity
- Excellent EMI shielding features
- Ultra-small thickness
Ti;C,T, Mussel-inspired MXene films  Energy storage and EMI - Highly aligned tight layer structures 60
- Enhanced tensile strength with a simultaneous increase
of elongation
- Good stability
- High electrical conductivity
- Excellent EMI shielding properties
Ti;C,T, Inspired by natural nacre EMI and thermal managements - Excellent mechanical properties 61
- Exceptional tensile strength (198.80 + 5.35 MPa)
- Large strain (15.30 & 1.01%)
- Good flexibility
- High EMI shielding effectiveness (~13188.2 dBem” g ')
- Excellent Joule heating function
Ti;C,T, Feather-like microstructure Practical solar-powered water - High energy efficiency (~ 88.52%) 62
desalination under natural - Highly efficient solar-powered water evaporation
sunlight; thermal managements
TizC,T,  Soft robotic skin with MXene robotic skins with ther- - Tunable infrared emission (0.30-0.80) 63
cephalopod skin-inspired mal/strain sensation potentials - Intrinsic Seebeck effect
multifunctionality - Crack propagation behaviors
- High electrical conductivity
© 2022 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2022, 3, 4783-4796 | 4785
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Fig. 1 Preparative process for cellulose nanofibers (CNF)/MXene@Ag multifunctional films with unique photothermal and mechanical features.

Reproduced with permission from ref. 56 Copyright 2021 Elsevier.

silver nanoparticles, which could greatly reduce the interface
thermal resistance between MXene nanosheets in cellulose
nanofibers matrix.>® The cellulose nanofibers/MXene film with
a typical biomimetic nacre-like structure demonstrated suitable
mechanical characteristics with a tensile strength of 71.4 +
2.8 MPa and a toughness of 1.0 & 0.06 MJ m™>, photothermal
properties (the surface temperature of the film could reach
~48 °C after 210 s of 55 W light irradiation), and light-to-heat
activity (Fig. 1); these structures can be applied for designing
multifunctional thermal management film.>® In addition, bio-
mimetic MXene textures were constructed from MXenes
(Ti3C,T,), reduced graphene oxide, and MoS, (molybdenum
disulfide) by applying a generalized technique through sequen-
tial thermal actuations to design biomimetic 2D-material nano-
coatings. These structures exhibited improved light-to-heat
activity with broadband light absorption (up to 93.2%);° these
bioinspired MXene nanocoatings should be further explored for
designing next generation devices with stretchability and wear-
ability features.® This applied synthesis technique with simpli-
city ought to be further explored for designing innovative
structures with multiple solar-thermal applications.

Wei et al.®* described an innovative technique for the bioin-
spired functionalization of MXene-based materials wherein poly-
meric composites were constructed from Ti;C,T, MXene and
levodopa under mild reaction conditions. Levodopa adhered to
the surface of MXenes via a self-polymerization technique; var-
ious carboxyl groups were involved during the polymerization
process to produce poly-levodopa. These composites could be
applied as adsorbents, providing significant adsorption capability
for removing the heavy metal ions in comparison to pristine
MXenes.** Moreover, such bioinspired functionalization meth-
ods may help to improve the biocompatibility and reduce the
toxicity effects, thus promising new multifunctional structures
for biomedical applications.®® Shen et al.®® reported biocompa-
tible films composed of flexible silk fibroin@Ti;C,T, MXenes

4786 | Mater. Adv, 2022, 3, 4783-4796

with multifunctionality and biomimetic 3D cross-link structures,
providing fascinating potentials for pressure sensing and human
health monitoring; natural silk fibroin was utilized as a bridging
agent for self-assembling nanosheets of MXenes into a contin-
uous wave-shaped lamellar macrostructure (Fig. 2). It was
assumed that hydrogen bonds could be formed between silk
fibroin and MXenes due to the abundant surface functional
groups (e.g., H, O, or F elements) on MXene sheets. These bonds
strive to connect MXene nanosheets together to improve the
mechanical strength and biocompatibility to meet the necessities
for devices with flexibility and wearability. The designed films
provided suitable sensitivity (~25.5 kPa™'), good stability
(~3500 cycles), rapid response/recovery time (~40/35 ms), low
elastic modulus (~1.22 MPa), and subtle pressure detection of
limit (9.8 Pa).®® These biomimetic MXene-based composites are
attractive candidates for next-generation personal healthcare
wearable devices and artificial skins.® Shi et al.®” have discussed
the preparation and applications of MXenes in flexible devices,
wherein wet chemical etching is still the common synthesis
method for their preparation; however, some drawbacks such
as contamination by pollutants during the synthesis process as
well as efficient control during the etching steps are remaining
challenges. Hence, there is a need for extensive research
on newer assembly methods under mild conditions, low cost,
up-scalable, and time-efficient features for manufacturing
MXenes with high mechanical strength, flexibility, and electrical
conductivity apt for flexible devices.®”

Bioinspired user-interactive electronic-skin was designed
using a mold-casting technique to obtain digital electrical
response and optical visualization upon external mechanical
stimulus.”” This flexible electronic-skin prepared from carbon
nanotubes, cellulose nanofibers, and MXene nanohybrid net-
work displayed suitable electromechanical optical and sensing
property to obtain visual motion monitoring; it comprised a
stretchable elastomer layer prepared from silicone rubber and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(A) The preparative process of flexible silk fibroin (SF)@TizC,T, MXenes with high biocompatibility, and (B) the design of MXene film-based flexible

pressure sensor with high sensitivity and suitable mechanical properties for human health detection applications. Reproduced with permission from ref.

66 Copyright 2020 Elsevier.

thermochromic pigments. Notably, this conductive nanohybrid
network with excellent Joule heating function could produce
controllable thermal energy under voltage input, providing the
dynamic coloration of silicone-based elastomer. Human activities
could be monitored with high accuracy using this bioinspired
electronic skin, offering great opportunities for designing next-
generation flexible electronic devices.”” The preparation of
MXene-based materials with appropriate mechanical properties
and high flexibility has engrossed researchers’ attention lately,
especially to design next-generation portable and wearable elec-
tronic gadgets. However, some lingering challenges such as the
severe restacking in the system and the lack of robust interfaces
in individual MXene nanosheets are still awaiting resolution.®® In
one study, MXene structures were prepared inspired by the brick
and mortar structure of nacre through the layer-by-layer assembly
technique (Fig. 3).°® The MXene nacre has unique mechanical
toughness with geometrical elasticity; its photothermal conver-
sion potential was improved and the restacking of MXene
nanosheets could be effectively suppressed. The electrodes

© 2022 The Author(s). Published by the Royal Society of Chemistry

constructed from these multifunctional MXenes can be deployed
as all-solid-state supercapacitors with photothermal activity for
applications in structurally-flexible energy systems.®®

The fabrication of extremely conductive and transparent
MXene electrodes for malleable photodetectors is an important
challenge because of the interchange between resistance and
transmittance.®® For this purpose, bioinspired transparent and
flexible MXene films with significant transmittance of ~90% and
low sheet resistance worth of ~3 Q sq~" were constructed. Using
various etching procedures, the function of MXene electrode
could be adjusted owing to the existence of different terminal
groups on the surface.®® In addition, bioinspired TizC,T, (MXene)
composite films were designed with an interlocking “brick-and-
mortar”’ microstructures through a vacuum-assisted filtration
procedure (Fig. 4).”° The designed nacre-like composite films
exhibited unique mechanical properties and high electrical con-
ductivity, offering alluring electromagnetic-interference shielding
materials that are suitable for various smart devices.”® Jiao
et al.”® developed composite films with high flexibility and

Mater. Adv,, 2022, 3, 4783-4796 | 4787
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typical nacre-like structures using cellulose nanofibers, nano-
diamond, and MXenes (Ti;C,T,) via a simple vacuum-assisted
filtration technique. These composite films exhibited improved
electrical insulation (1.63 x 10° Q cm), and also significant
thermal conductivity (~17.43 W m™" K~ ') owing to the bridging
effect of nanodiamonds and MXene nanosheets. Notably, nacre-
like structures and robust hydrogen bonding between the
MZXene nanosheets and cellulose nanofibers provided suitable
mechanical features (89.14 + 3.61 MPa). These MXene-based
composites are promising candidates for high-power flexible
devices.”®

MXenes nanosheets demonstrated high conductivity with
abundant surface functional groups, which are suitable for
wave absorption and EMI shielding. To improve the fire safety
and mechanical features of thermoplastic polyurethane, nano-
composites of MXenes (TizC,T,)@strontium hydroxystannate
(SrSn(OH)s) nanorods were engineered inspired by leaf veins
using a biomimetic method, providing promising options for
portable devices. As a result, the toughness and tensile robust-
ness of the nanocomposites was improved by 126% and 46%,
respectively.”! These nanocomposites performed leaf vein-
inspired hierarchical structure during the stretching behavior,
causing 55% enhancement of elongation at break. After the fire
safety evaluations, it was indicated that the peak heat release
rate decreased by 37.31%. The hazardous pyrolysis products of
thermoplastic polyurethane during the combustion were
significantly reduced, in particular, the formation of carbon
oxide and carbon dioxide were reduced by 96.04% and 89.85%,
respectively, while the addition of MXene nanosheets was only
2 wt%. Consequently, ternary catalytic influence and labyrinth
structure could improve the safety of thermoplastic polyur-
ethane in electronic devices/products, showing superior tough-
ness and reinforced fire safety advantages.”' In another study,
silver nanowires with high flexibility and conductivity were
doped on MXene (TizC,T,)/cellulose nanofibrils films via the
construction of biomimetic leaf-vein scaffolds using a facile
vacuum-assisted filtration, thus providing significant electrical
conductivity and high EMI shielding effectiveness value (Fig. 5);
the ultrathin composite films were obtained with strengthened
mechanical flexibility and robustness because of the “brick-and-
mortar” structures.”” Also, these films exhibited fast response,
high stability and precision, and ultralow voltage supply (1-3 V),
offering promising applications such as wearable devices, thermo-
therapy, and smart garments.”> Yu et al.”® prepared textiles
endowed with high EMI shielding activities, flexibility, hydro-
phobicity, and remarkably sensitive humidity response by the
deployment of the vacuum-assisted layer-by-layer assembly
method. The leaf-like nanostructures were assembled from
MXene nanosheets (the lamina) and silver nanowires (highly
conductive skeleton, vein), offering promising potentials for
humidity sensors, EMI shielding, and smart garments.”®

Bioinspired platforms have been designed from MXene (Ti;C,T,)
nanostructures, silver nanowires (brick), and poly(dopamine)/Ni**
(mortar) as sensitive and highly stretchable strain sensors with
potential use in human health and motion analyses.”* In addition,
polyurethane/MXene nanocomposites with nacre-like “brick and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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mortar” architectures were constructed,® which displayed high
flexibility, promising EMI shielding characteristics, and unique
mechanical features. Their thickness was ultrasmall (less than 10
um) and electric conductivity was superb (~2897.4 S cm ™ ').* It
appears that by further optimization and suitable selection of the
polymer matrix, these bioinspired nanocomposites can find their
equitable place in bio- and nanomedicine. Impressively, biomimetic
MXene (Ti;C,T,)-based structures were designed inspired by the
overlap architecture of the placoid scale to significantly improve
the mechanical features, flame retardancy of the epoxy resin,
and interfacial compatibility. As a consequence, the prepared
hybrid epoxy resin nanocomposites demonstrated high tensile
strength and the fire hazard of these composites was greatly cut
down.”® Besides, cellulose nanofibers were compounded with
MXenes to produce nacre-like and loofah-like carbonized
membranes with biomimetic structures via a vacuum-assisted
filtration technique (Fig. 6); these membranes exhibited high
microwave (MW) absorption activity as well as tunable absorp-
tion bands.”® Nacre-like composites displayed layer-by-layer
structures, but loofah-like composites had porous-layered struc-
tures. It was revealed that some parameters such as dipole
polarization, multiple reflections, conductive loss, capacitor-
like structures, and interfacial polarization with synergistic
effects promoted the attenuation of electromagnetic wave, pro-
viding the improvement of the MW-absorbing activity.”®

To improve the mechanical and electrical properties of
MXene-based composites, biomimetic core/shell fibers were
constructed from graphene oxide (mechanical layer) and
MXenes inspired by the structure of wood.”” Graphene oxide
layer was selected for assembling the MXene particles into
macroscale structures and protecting them from the oxidation.
These fibers exhibited remarkable tensile strength (~290 MPa)
with high electrical conductivity (~2400 S m™'), providing
promising options for assorted fabric-based appliances.””
Kim et al.®® prepared MXene (Ti;C,T,) films by introducing
mussel-inspired polydopamine to improve their mechanical
and electrical properties (Fig. 7A). Furthermore, their environ-
mental stability and electromagnetic-interference shielding
properties were greatly improved; such MXene/polydopamine
hybrids with synergistic effects can be considered as promising
candidates for various multipurpose applications. The ensuing
polydopamine nanobinders with uniform atomic-level thick-
ness instigated MXene films to be ideally parallelly-stacked
with high enhanced tensile strength and markedly improved
oxidation resistance, without forgoing their primary significant
electrical conductivity.®® It was revealed that the protein-
inspired self-healing flexible MXene-based composites con-
structed from TizC, and rubber-based supramolecular elasto-
mers had suitable potentials for smart sensing applications
(Fig. 7B).”® The surface of MXenes was modified by serine using
the esterification reaction, and the nanostructured MXene net-
work could be designed in the form of a composite via a
suitable latex assembly technique. Consequently, the MXenes/
polymer nanocomposites exhibited suitable mechanical prop-
erties, making them appropriate choice for manufacturing
sensitive sensors for the accurate detection of external moisture

Mater. Adv,, 2022, 3, 4783-4796 | 4789
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(A) The preparative process for delaminated MXene nanosheets. (B) The production of the biomimetic silver (Ag) nanowires (NWs)-doped MXene

(TizC,T,)/cellulose nanofibrils (CNFs) films through a vacuum-assisted filtration technique. Reproduced with permission from ref. 72 Copyright 2021

Elsevier.

changes and human physiological motions; they can be applied
for soft smart robotics and wearable electronic sensors.”

Besides, for the catalytic application of biomimetic MXene-
based structures, there have been still very limited explorations.
However, in one study, mussel-inspired biomimetic technique
was developed for fabricating MXene (Ti;C,)-based magnetic
Fe;0,4 composites via the self-polymerization of dopamine and
the subsequent mild temperature pyrolysis process.”” The
ensuing composites were deployed for the catalytic degradation
of organic dyes through the Fenton reaction with significant
efficiency (more than 97%). They exhibited suitable recyclabil-
ity (5 cycles) and functionality, offering highly efficient catalysts
for advanced oxidation processes. Both radical *OH and O,*~
were reported as the reactive species involved in the degrada-
tion process.”’

4790 | Mater. Adv., 2022, 3, 4783-4796

4. Challenges and future perspectives

MXenes have exhibited attractive physicochemical properties
such as good hydrophilicity, metallic conductivity, high surface
areas, outstanding chemical stability, and high strength/stiff-
ness, which have encouraged scientists to initiate extensive
research on their applications in various forms. However, there
are still two major issues related to MXenes, one being the
commercialization and another one is the involvement of
inexpensive and eco-friendly manufacturing techniques that
require comprehensive and systematic explorations. Thus,
focusing on sustainable and nature-inspired green chemistry
techniques can help reduce the toxicity and enhance the
biocompatibility of MXenes and their derivatives.*>**%* As an
example, the benignly synthesized Ti;C,T, MXene nanosheets

© 2022 The Author(s). Published by the Royal Society of Chemistry
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exhibited enhanced oxidation stability, conductivity, and
surface-enhanced Raman scattering activity, and consequently,
rendered them as suitable candidates for producing batteries/
supercapacitors, sensors, and photodetectors.>® In addition,
the greener synthesis of MXenes based on the electrochemical
technique has been described for extending their application in
the field of aqueous energy storage without the deployment of
dangerous acid/alkali etchants; the designed MXenes exhibited
outstanding stability and battery performance.®”> Consequently,
due to the need to implement nature-inspired techniques for
both, the synthesis and surface functionalization of MXenes is
increasingly felt to develop simple and low-cost methods based
on the principles of green chemistry. However, these techni-
ques can be employed for the up-scalable synthesis of MXenes
only after optimization procedures, systematic analysis, and
in vivo/in vitro assessments.**"®° Toxicology (nanotoxicology)
studies as well as the environmental stability and surface
chemistry of these materials should be specifically deliberated;
MXenes may suffer from aggregation, which culminate in the
degradation of their performance and decreasing the surface
area.’® Notably, various theoretical evaluations, such as discrete
Fourier transform, can help to predict the specific character-
istics of MXene-based structures.”**

© 2022 The Author(s). Published by the Royal Society of Chemistry

Surface functionalization/modification can help to over-
come some challenging concerns such as the stability and
biocompatibility of MXenes. For instance, MXenes have been
functionalized by various silylation reagents. As a consequence,
the silylation reaction could efficiently stabilize the MXenes and
reduce their structural degradation because of spontaneous
oxidation. Furthermore, the improvement of their surface proper-
ties was reported with controllable hydrophilicity after such
functionalization.”® Important criteria such as dispersibility,
optical features, environmental stability, multifunctionality,
and electrical/thermal properties can be significantly amended
through suitable functionalization procedures.”® It has been
observed that the functionalization of MXene nanosheets with
phenylsulfonic groups could enhance their dispersibility as well
as their specific surface area.”® On the other hand, by changing
the surface terminal groups and the ratio of M or X elements,
the properties of MXenes can be modified. By altering the
lamellar spacing, number of layers, and the particle size in
MXenes, different optical and electrical features can be realized;
electrical conductivity could be reduced by lowering the number
of layers in MXenes.”® In some cases such as V,CT, MXenes,
there have been limited studies regarding their multilayered
forms because of the instability of delaminated V,CT, MXenes

Mater. Adv,, 2022, 3, 4783-4796 | 4791
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in their colloidal state. However, Gogotsi et al.’® reported V,CT,
MXenes with unique optical and electronic properties prepared
under mild conditions via an ion-exchange procedure coupled
with flocculation, thus increasing their shelf-life in aqueous
suspensions by approximately three orders of magnitude, from
a few hours to several months.’®

MXenes can be hybridized with low-dimensional materials
(e.g., metals, metal oxides, and polymers nanomaterials) to
improve their features or attain new properties and multiple
functionalities. For instance, noble metal nanoparticles have
been spontaneously grown on flexible biomimetic MXene
papers, providing outperforming electrocatalytic performances
with good stability, sensitive detection potential of superoxide

4792 | Mater. Adv., 2022, 3, 4783-4796

(0,*7), and reproducibility; such MXene-based composites
have promising applicability for high-performance energy-
related devices and flexible bioelectronics.’” In addition, ZnS
nanodots/Ti;C,T, MXene hybrids with high capacity, function-
ality, and cyclic stability were fabricated via the attachment of
ZnS nanodots on MXenes by coordinating modulation between
MXene and the metal-organic framework (MOF) precursor
(ZIF-8), followed by sulfidation. The deployment of these
hybrids have some important advantages such as improved
interfacial electron transfer, low lithium diffusion energy barrier,
and significant lithium adsorption potential.’® Although the synth-
esis methods have shown promise for large-scale production, they
may suffer from low production yield and requirements of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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post-synthesis treatments. By applying some theoretical evalua-
tions such as density functional theory (DFT) calculations,
several modifications can be further proven and evaluated. In
one study, Sharbirin et al®® reported the synthesis of water-
soluble MXene (Ti,N) quantum dots (~3.14 nm) with efficient
photoluminescence and maximum quantum yield of ~7.5%.
Besides, Nb,C quantum dots with good photostability and pH
stability have been synthesized; these quantum dots exhibited
green fluorescence and a quantum yield of up to 19%.'°° The
sulfur and nitrogen doping on these MXene quantum dots was
reportedly the main reason for the enhanced high quantum
yield, which was further corroborated by DFT calculations."®

Wyatt et al.'®" have explained the effect of the synthesis
conditions on the MXene properties and structures. The reac-
tion conditions need to be optimized for increasing the pro-
duction yield as well as improving the physicochemical features
and functionality to move toward large-scale production'®* and
entry in to clinical phases;'%* the commercialization and indus-
trialization aspects for MXenes ought to be analytically
studied.'® The optimization is vital for avoiding the structural
defects and heteroatom functional groups in MXenes; these
imperfections can affect the multifunctionality, stability, and
their properties."® %" The correlation among the different
critical parameters and toxicity include the establishment of
standards for synthesis tactics, morphology/size, and chemical
structures.'®® Biomimetic/bioinspired synthesis strategies
embodying feasibility, reproducibility, controllability, and
up-scalability are still at their infancy, and more explorations
are still warranted to obtain MXenes with targeted properties
and high standards. Such biomimetic and bioinspired micro-
and nanostructures comprising MXenes and their derivatives
should be further explored for use in bio- and nanomedicine,
especially for antiinflammatory/wound healing, tissue engi-
neering, drug/gene delivery, pressure sensors, nanobiosensors,
bioprinting, (photo)catalytic reactions, and development of
bioinspired medical devices.'®® "> It appears that with the
growing momentum of research in the field of MXenes,
advanced methods with high efficiency and generation of lower
pollution could safely produce structures with unique mechan-
ical and tribological properties.'" With the rapid development
of industrial sectors, the need to use sustainable methods
based on green chemistry and with low emission of pollutants
is increasingly comprehended. Using bioinspired structures
and biomimetic approaches, it is possible to create optimal
and unique properties in MXenes-based structures as well as to
use renewable, sustainable, and greener materials in their
production. The demand for devices dealing with energy
storage, environmental remediation/treatment, conversion,
and sensing is increasing rapidly due to the variety of industrial
procedures and high energy consumption rate in smart
electrical applications. Notably, the deployment of advanced
techniques based on bioinspired or biomimetic MXenes to
fabricate devices such as electrochemical supercapacitors,
lithium-ion batteries, and solar energy storage devices can
be envisioned as sustainable alternatives to large energy
requirements.***4

© 2022 The Author(s). Published by the Royal Society of Chemistry
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5. Conclusion and future outlooks

The development of bioinspired/biomimetic MXenes with multi-
functionality is still in its infancy and more detailed studies are
still required for marked improvements and optimization of
procedures. More elaborative studies are essential for analyzing
and adjusting the biocompatibility, biodegradability, long-term
toxicity/cytotoxicity, fluorescence emission, pH- and photo-
stability, and other important criteria. This new intriguing class
of 2D transition metal carbides and/or carbonitrides has been
broadly employed for environmental remediation, theranostics,
and energy storage, benefitting from exceptional structural char-
acteristics, including highly active sites, significant chemical
stability, hydrophilicity, large interlayer spacing, high specific
surface area, and superb sorption-reduction potential. Notably,
MXene-based nanocomposites exhibit fascinating properties and
diverse versatile applications such as catalysts, sensors, super-
capacitors, battery electrodes, and electromagnetic-interference
shielding. However, they suffer from some important drawbacks
such as mechanical brittleness as well as exposure to oxidation/
aggregation, which can reduce their stability or cause their
degradation. Natural polymers such as cellulose or chitosan
nanofibers can be utilized in combination with MXene-based
structures to improve their biocompatibility and functionality.
The optimization of the reaction conditions, commercialization/
large-scale production criteria, surface chemistry analyses, nano-
toxicological assessments, systematic biocompatibility evalua-
tions (in vitro/in vivo), and pre-/clinical studies are some of the
aspects that need to be comprehensively addressed.

Flexibility, environmental stability, biosafety, and multifunc-
tionality are important elements for the future applications of
these materials at the industrial and commercial scale. Instead,
investigations have primarily focused on Ti;C,T, MXenes because
of their unique physicochemical properties such as high electrical
conductivity even without extra thermochemical treatment. Future
studies warrant more extensive research, especially on additional
bioinspired/biomimetic MXenes and their derivatives, to discover
newer properties and their multipurpose potentials. Extensive
research to contrive procedures with inherent sustainability and
environmentally-benign features as well as adequate adjustability,
simplicity, and cost-effectiveness should be the focus of attention
with incessant inspiration from nature. Although extensive and
comprehensive research is still awaited on bioinspired/biomimetic
MXenes, these structures with good biocompatibility, unique
designs, high conductivity, selectivity/sensitivity features, and low
toxicity will soon find their distinctive position on the research
platform focusing on the bio- and nanomedicine arena.

Conflicts of interest

The author(s) declare no competing interest.

References

1 P. Bhattacharya, D. Du and Y. Lin, J. R. Soc., Interface, 2014,
11, 20131067.

Mater. Adv., 2022, 3, 4783-4796 | 4793


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ma00151a

Open Access Article. Published on 17 2022. Downloaded on 12-06-2026 7:18:13.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Highlight

2
3

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

S. Iravani and R. S. Varma, Mater. Adv., 2021, 2, 2906-2917.
S. Iravani and R. S. Varma, ACS Biomater. Sci. Eng., 2021, 7,
1900-1913.

Y. Gogotsi and B. Anasori, ACS Nano, 2019, 13, 8491-8494.
G. Jamalipour Soufi, P. Iravani, A. Hekmatnia, E. Mostafavi,
M. Khatami and S. Iravani, Comments Inorg. Chem., 2021,
DOI: 10.1080/02603594.2021.1990890.

K. Li, T.-H. Chang, Z. Li, H. Yang, F. Fu, T. Li, J. S. Ho and
P.-Y. Chen, Adv. Energy Mater., 2019, 9, 1901687.

L. Thsanullah, Nano-Micro Lett., 2020, 12(72), 1-20.

P. He, M.-S. Cao, W.-Q. Cao and ]. Yuan, Nano-Micro Lett.,
2021, 13, 115, DOI: 10.1007/s40820-021-00645-zZ.

L. Yin, Y. Li, X. Yao, Y. Wang, L. Jia, Q. Liu, J. Li, Y. Li and
D. He, Nano-Micro Lett., 2021, 13, 78, DOI: 10.1007/s40820-
021-00604-8.

X. Zang, J. Wang, Y. Qin, T. Wang, C. He, Q. Shao, H. Zhu
and N. Cao, Nano-Micro Lett., 2020, 12, 77, DOI: 10.1007/
$40820-020-0415-5.

J. Bai, W. Chen, R. Shen, Z. Jiang, P. Zhang, W. Liu and
X. Li, J. Mater. Sci. Technol., 2022, 112, 85-95.

R. Yang, X. Gui, L. Yao, Q. Hu, L. Yang, H. Zhang, Y. Yao,
H. Mei and Z. Tang, Nano-Micro Lett., 2021, 13, 66, DOLI:
10.1007/s40820-021-00597-4.

J. Yin, S. Pan, X. Guo, Y. Gao, D. Zhu, Q. Yang, J. Gao,
C. Zhang and Y. Chen, Nano-Micro Lett., 2021, 13, 30, DOIL:
10.1007/s40820-020-00547-6.

N. Sun, Z. Guan, Q. Zhu, B. Anasori, Y. Gogotsi and B. Xu,
Nano-Micro Lett., 2020, 12, 89, DOI: 10.1007/s40820-020-
00426-0.

C. Xu, L. Wang, Z. Liu, L. Chen, J. Guo, N. Kang, X.-L. Ma,
H.-M. Cheng and W. Ren, Nat. Mater., 2015, 14, 1135-1141.
W. Sun, S. Shah, Y. Chen, Z. Tan, H. Gao, T. Habib,
M. Radovic and M. Green, J. Mater. Chem. A, 2017, 5,
21663-21668.

T. Li, L. Yao, Q. Liu, J. Gu, R. Luo, J. Li, X. Yan, W. Wang,
P. Liu and B. Chen, Angew. Chem., Int. Ed., 2018, 57,
6115-6119.

L. Ma, L. R.-L. Ting, V. Molinari, C. Giordano and B. S. Yeo,
J. Mater. Chem. A, 2015, 3, 8361-8368.

J. Liu, X. Jiang, R. Zhang, Y. Zhang, L. Wu, W. Lu, J. Li, Y. Li
and H. Zhang, Adv. Funct. Mater., 2019, 29, 1807326.

0. Salim, K. A. Mahmoud, K. K. Pant and R. K. Joshi, Mater.
Today Chem., 2019, 14, 100191.

P. Urbankowski, B. Anasori, T. Makaryan, D. Er, S. Kota,
P. L. Walsh, M. Zhao, V. B. Shenoy, M. W. Barsoum and
Y. Gogotsi, Nanoscale, 2016, 8, 11385.

L. Verger, C. Xu, V. Natu, H.-M. Cheng, W. Ren and M. W.
Barsoum, Curr. Opin. Solid State Mater. Sci., 2019, 23,
149-163.

K. Hantanasirisakul and Y. Gogotsi, Adv. Mater., 2018,
30, 1804779.

Z.Xie, S. Chen, Y. Duo, Y. Zhu, T. Fan, Q. Zou, M. Qu, Z. Lin,
J. Zhao, Y. Li, L. Liu, S. Bao, H. Chen, D. Fan and H. Zhang,
ACS Appl. Mater. Interfaces, 2019, 11, 22129-22140.

X.-Y. Feng, B.-Y. Ding, W.-Y. Liang, F. Zhang, T.-Y. Ning,
J. Liu and H. Zhang, Laser Phys. Lett., 2018, 15, 085805.

4794 | Mater. Adv., 2022, 3, 4783-4796

26

27

28

29

30

31

32

33
34
35
36

37

38

39

40

41

42

43

44
45

46

47

48

49

50

51

View Article Online

Materials Advances

C. Wang, Y. Wang, X. Jiang, J. Xu, W. Huang, F. Zhang,
J. Liu, F. Yang, Y. Song, Y. Ge, Q. Wu, M. Zhang, H. Chen,
J. Liu and H. Zhang, Adv. Opt. Mater., 2019, 7, 1900060.
Q. Wu, S. Chen, Y. Wang, L. Wu, X. Jiang, F. Zhang, X. Jin,
Q. Jiang, Z. Zheng, J. Li, M. Zhang and H. Zhang, Adv.
Mater. Technol., 2019, 4, 1800532.

Y. Zhang, X. Jiang, J. Zhang, H. Zhang and Y. Li, Biosens.
Bioelectron., 2019, 130, 315-321.

X. Zhan, C. Si, J. Zhou and Z. Sun, Nanoscale Horiz., 2020, 5,
235-258.

S. Rawal and M. Patel, Nano-Micro Lett., 2021, 13, 142, DOI:
10.1007/s40820-021-00630-6.

H. Zhu, H. Cao, X. Liu, M. Wang, X. Meng, Q. Zhou and
L. Xu, Mater. Des., 2019, 175, 107783.

P. Zhou, H. Yu, Y. Zhong, W. Zou, Z. Wang and L. Liu,
Nano-Micro Lett., 2020, 12, 166, DOI: 10.1007/s40820-020-
00499-x.

Y. Tan, B. Hu, J. Song, Z. Chu and W. Wu, Nano-Micro Lett.,
2020, 12, 101, DOI: 10.1007/s40820-020-00436-y.

J. Sun and B. Bhushan, Tribiol. Int., 2019, 129, 67-74.

G. Zan and Q. Wu, Adv. Mater., 2016, 28, 2099-2147.

Z. Chen, Z. Wang and Z. Gu, Acc. Chem. Res., 2019, 52,
1255-1264.

A. P. Johnson, C. Sabu, K. P. Nivitha, R. Sankar, V. K.-A.
Shirin, T. K. Henna, V. R. Raphey, H. V. Gangadharappa,
S. Kotta and K. Pramod, J. Controlled Release, 2022, 343,
724-754.

J. Xue, Y. Zou, Y. Deng and Z. Li, EcoMat, 2022, €12209,
DOI: 10.1002/e0m2.12209.

Y. Lin, Q. Kang, H. Wei, H. Bao, P. Jiang, Y.-W. Mai and
X. Huang, Nano-Micro Lett., 2021, 13, 180, DOI: 10.1007/
$40820-021-00702-7.

D. Gan, T. Shuai, X. Wang, Z. Huang, R. Fuzeng, L. Fang,
K. Wang, C. Xie and X. Lu, Nano-Micro Lett., 2020, 12, 169,
DOI: 10.1007/s40820-020-00507-0.

K. Rasool, K. A. Mahmoud, D. J. Johnson, M. Helal,
G. R. Berdiyorov and Y. Gogotsi, Sci. Rep., 2017, 7, 1598.
W.Yin, J. Yu, F. Ly, L. Yan, L. R. Zheng, Z. Gu and Y. Zhao,
ACS Nano, 2016, 10, 11000-11011.

N. Shafiei, M. Nasrollahzadeh and S. Iravani, Comments
Inorg. Chem., 2021, 41, 317-372.

H. Lin, Y. Chen and J. Shi, Adv. Sci., 2018, 5, 1800518.

H. Lin, S. Gao, C. Dai, Y. Chen and J. Shi, J. Am. Chem. Soc.,
2017, 139, 16235-16247.

H. Lin, X. Wang, L. Yu, Y. Chen and J. Shi, Nano Lett., 2017,
17, 384-391.

H. Lin, Y. Wang, S. Gao, Y. Chen and J. Shi, Adv. Mater.,
2018, 30, 1703284.

F. Yang, Y. Ge, T. Yin, J. Guo, F. Zhang, X. Tang, M. Qiu,
W. Liang, N. Xu, C. Wang, Y. Song, S. Xu and S. Xiao, ACS
Appl. Nano Mater., 2020, 3, 11850-11860.

S. Iravani and R. S. Varma, Green Chem., 2019, 21, 4583-4603.
S. Iravani and R. S. Varma, Environ. Chem. Lett., 2020, 18,
703-727.

R. R. Nasaruddin, T. Chen, Q. Yao, S. Zang and ]. Xie,
Coord. Chem. Rev., 2021, 426, 213540.

© 2022 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1080/02603594.2021.1990890
https://doi.org/10.1007/s40820-021-00645-z
https://doi.org/10.1007/s40820-021-00604-8
https://doi.org/10.1007/s40820-021-00604-8
https://doi.org/10.1007/s40820-020-0415-5
https://doi.org/10.1007/s40820-020-0415-5
https://doi.org/10.1007/s40820-021-00597-4
https://doi.org/10.1007/s40820-020-00547-6
https://doi.org/10.1007/s40820-020-00426-0
https://doi.org/10.1007/s40820-020-00426-0
https://doi.org/10.1007/s40820-021-00630-6
https://doi.org/10.1007/s40820-020-00499-x
https://doi.org/10.1007/s40820-020-00499-x
https://doi.org/10.1007/s40820-020-00436-y
https://doi.org/10.1002/eom2.12209
https://doi.org/10.1007/s40820-021-00702-7
https://doi.org/10.1007/s40820-021-00702-7
https://doi.org/10.1007/s40820-020-00507-0
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ma00151a

Open Access Article. Published on 17 2022. Downloaded on 12-06-2026 7:18:13.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

52

53

54

55

56

57

58

59

60

61

62

63

64

65
66

67

68
69

70

71

72

73

74

75

76

77

78

T. B. Limbu, B. Chitara, J. D. Orlando, M. Y. Garcia
Cervantes, S. Kumari, Q. Li, Y. Tang and F. Yan, J. Mater.
Chem. C, 2020, 8, 4722-4731.

S. V. Patwardhana, J. R.-H. Manning and M. Chiacchia,
Curr. Opin. Green Sustainable Chem., 2018, 12, 110-116.
Y. Liu, Q. Lin, G. Zeng, L. Zhang, Y. Zhou and A. Sengupta,
Sep. Purif. Technol., 2022, 283, 120218.

F. Bian, L. Sun, L. Cai, Y. Wang and Y. Zhao, Proc. Natl.
Acad. Sci. U. S. A., 2020, 117, 22736-22742.

E. Jiao, K. Wu, Y. Liu, M. Ly, H. Zhang, H. Zheng, C.-A. Xu,
J. Shi and M. Lu, Composites, Part A, 2021, 143, 106290.
W. Cao, Z. Wang, X. Liu, Z. Zhou, Y. Zhang, S. He, D. Cui
and F. Chen, Nano-Micro Lett., 2022, 14, 119.

E. Jiao, K. Wu, Y. Liu, H. Zhang, H. Zheng, C.-A. Xu, J. Shi
and M. Lu, J. Mater. Sci., 2022, 57, 2584-2596.

Z. Liu, W. Wang, ]J. Tan, J. Liu, M. Zhu, B. Zhu and
Q. Zhang, J. Mater. Chem. C, 2020, 8, 7170-7180.

G. S. Lee, T. Yun, H. Kim, I. H. Kim, J. Choi, S. H. Lee,
H. J. Lee, H. S. Hwang, J. G. Kim, D.-W. Kim, H. M. Lee,
C. M. Koo and S. O. Kim, ACS Nano, 2020, 14, 11722-11732.
J. Wang, X. Ma, J. Zhou, F. Du and C. Teng, ACS Nano,
2022, 16, 6700-6711.

H. Zhang, X. Shen, E. Kim, M. Wang, J.-H. Lee, H. Chen,
G. Zhang and J.-K. Kim, Adv. Funct. Mater., 2022, 32, 2111794.
K. Li, Z. Li, Z. Xiong, Y. Wang, H. Yang, W. Xu, L. Jing,
M. Ding, J. Zhu, J. S. Ho and P.-Y. Chen, Adv. Funct. Mater.,
2022, 2110534, DOI: 10.1002/adfm.202110534.

D. Gan, Q. Huang, J. Dou, H. Huang, J. Chen, M. Liu, Y. Wen,
Z.Yang, X. Zhang and Y. Wei, Appl. Surf. Sci., 2020, 504, 144603.
M. Mozafari and M. Soroush, Mater. Adv., 2021, 2, 7277-7307.
D. Wang, L. Wang, Z. Lou, Y. Zheng, K. Wang, L. Zhao,
W. Han, K. Jiang and G. Shen, Nano Energy, 2020, 78, 105252.
J. Xu, T. Peng, X. Qin, Q. Zhang, T. Liu, W. Dai, B. Chen,
H. Yu and S. Shi, J. Mater. Chem. A, 2021, 9, 14147-14171.
C. Cai, W. Zhou and Y. Fu, Chem. Eng. J., 2021, 418, 129275.
J. Chen, Z. Li, F. Ni, W. Ouyang and X. Fang, Mater. Horiz.,
2020, 7, 1828-1833.

R. Liu, M. Miao, Y. Li, J. Zhang, S. Cao and X. Feng, ACS
Appl. Mater. Interfaces, 2018, 10, 44787-44795.

J. Lu, P. Jia, C. Liao, Z. Xu, F. Chu, M. Zhou, B. Yu, B. Wang
and L. Song, Composites, Part B, 2022, 228, 109425.

Q. Liu, Y. Zhang, Y. Liu, Z. Liu, B. Zhang and Q. Zhang,
J. Alloys Compd., 2021, 860, 158151.

L.-X. Liu, W. Chen, H.-B. Zhang, Q.-W. Wang, F. Guan and
Z.-Z. Yu, Adv. Funct. Mater., 2019, 29, 1905197.

X. Shi, H. Wang, X. Xie, Q. Xue, J. Zhang, S. Kang, C. Wang,
J. Liang and Y. Chen, ACS Nano, 2019, 13, 649-659.
Z.Yin, B. Wang, Q. Tang, J. Lu, C. Liao, P. Jia, L. Cheng and
L. Song, Chem. Eng. J., 2022, 431, 133489.

H. Peng, M. He, Y. Zhou, Z. Song, Y. Wang, S. Feng, X. Chen,
X. Zhang and H. Chen, Chem. Eng. J., 2021, 133269.

X. Chen, J. Jiang, G. Yang, C. Li and Y. Li, Nanoscale, 2020,
12, 21325-21333.

Q. Guo, X. Zhang, F. Zhao, Q. Song, G. Su, Y. Tan, Q. Tao,
T. Zhou, Y. Yu, Z. Zhou and C. Lu, ACS Nano, 2020, 14,
2788-2797.

© 2022 The Author(s). Published by the Royal Society of Chemistry

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

View Article Online

Highlight

Y. Cui, D. Zhang, K. Shen, S. Nie, M. Liu, H. Huang,
F. Deng, N. Zhou, X. Zhang and Y. Wei, J. Environ. Chem.
Eng., 2020, 8, 104369.

M. Naguib, M. Kurtoglu, V. Presser, J. Lu, J. Niu, M. Heon,
L. Hultman, Y. Gogotsi and M. W. Barsoum, Adv. Mater.,
2011, 23, 4248-4253.

G. K. Nasrallah, M. Al-Asmakh, K. Rasool and K. A.
Mahmoud, Environ. Sci.: Nano, 2018, 5, 1002-1011.

K. Rasool, M. Helal, A. Ali, C. E. Ren, Y. Gogotsi and
K. A. Mahmoud, ACS Nano, 2016, 10, 3674-3684.

K. Huang, Z. Li, J. Lin, G. Han and P. Huang, Chem. Soc.
Rev., 2018, 47, 5109-5124.

C. Dai, H. Lin, G. Xu, Z. Liu, R. Wu and Y. Chen, Chem.
Mater., 2017, 29, 8637-8652.

X. Li, M. Li, Q. Yang, G. Liang, Z. Huang, L. Ma, D. Wang,
F. Mo, B. Dong, Q. Huang and C. Zhi, Adv. Energy Mater.,
2020, 10, 2001791.

X. Jiang, A. V. Kuklin, A. Baev, Y. Ge, H. Agren, H. Zhang
and P. N. Prasad, Phys. Rep., 2020, 848, 1-58.

S. K. Hwang, S.-M. Kang, M. Rethinasabapathy, C. Roh and
Y. S. Huh, Chem. Eng. J., 2020, 397, 125428.

S. Li, L. Dong, Z. Wei, G. Sheng, K. Du and B. Hu,
J. Environ. Sci., 2020, 96, 127-137.

A. Champagne and ].-C. Charlier, J. Phys. Mater., 2021,
3, 032006.

X.-J. Zha, X. Zhao, J.-H. Pu, L.-S. Tang, K. Ke, R.-Y. Bao,
L. Bai, Z.-Y. Liu, M.-B. Yang and W. Yang, ACS Appl. Mater.
Interfaces, 2019, 11, 36589-36597.

J. Guo, Q. Peng, H. Fu, G. Zou and Q. Zhang, J. Phys. Chem.
C, 2015, 119, 20923-20930.

G. Zou, J. Guo, Q. Peng, A. Zhou, Q. Zhang and B. Liu,
J. Mater. Chem. A, 2016, 4, 489-499.

J. Ji, L. Zhao, Y. Shen, S. Liu and Y. Zhang, FlatChem, 2019,
17, 100128.

H. Wang, J. Zhang, Y. Wu, H. Huang and Q. Jiang, J. Phys.
Chem. Solids, 2018, 115, 172-179.

N. R. Hemanth and B. Kandasubramanian, Chem. Eng. J.,
2020, 392, 123678.

K. Matthews, T. Zhang, C. E. Shuck, A. VahidMohammadi
and Y. Gogotsi, Chem. Mater., 2022, 34, 499-509.

Y. Yao, L. Lan, X. Liu, Y. Ying and ]. Ping, Biosens.
Bioelectron., 2020, 148, 111799.

B. Cao, H. Liu, X. Zhang, P. Zhang, Q. Zhu, H. Du, L. Wang,
R. Zhang and B. Xu, Nano-Micro Lett., 2021, 13, 202, DOI:
10.1007/s40820-021-00728-x.

A. S. Sharbirin, S. Roy, T. T. Tran, S. Akhtar, J. Singh,
D. L. Duong and ]. Kim, J. Mater. Chem. C, 2022, 10,
6508-6514.

Q. Xu, J. Ma, W. Khan, X. Zeng, N. Li, Y. Cao, X. Zhao and
M. Xu, Chem. Commun., 2020, 56, 6648-6651.

B. C. Wyatt, A. Rosenkranz and B. Anasori, Adv. Mater.,
2021, 33, 2007973.

A. Khunger, N. Kaur, Y. K. Mishra, G. R. Chaudhary and
A. Kaushik, Mater. Lett., 2021, 304, 130656.

J. I. Hare, T. Lammers, M. B. Ashford, S. Puri, G. Storm and
S. T. Barry, Adv. Drug Delivery Rev., 2017, 108, 25-38.

Mater. Adv., 2022, 3, 4783-4796 | 4795


https://doi.org/10.1002/adfm.202110534
https://doi.org/10.1007/s40820-021-00728-x
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ma00151a

Open Access Article. Published on 17 2022. Downloaded on 12-06-2026 7:18:13.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Highlight

104 C. E. Shuck and Y. Gogotsi, Chem. Eng. J., 2020, 401, 125786.

105 Z. Li, H. Zhang, J. Han, Y. Chen, H. Lin and T. Yang, Adv.
Mater., 2018, 30, 1706981.

106 G. Liu, J. Zou, Q. Tang, X. Yang, Y.-W. Zhang, Q. Zhang,
W. Huang, P. Chen, ]J. Shao and X. Dong, ACS Appl. Mater.
Interfaces, 2017, 9, 40077-40086.

107 N. Driscoll, A. G. Richardson, K. Maleski, B. Anasori,
O. Adewole, P. Lelyukh, L. Escobedo, D. K. Cullen,
T. H. Lucas, Y. Gogotsi and F. Vitale, ACS Nano, 2018, 12,
10419-10429.

108 F. Chen, W. Gao, X. Qiu, H. Zhang, L. Liu, P. Liao, W. Fu
and Y. Luo, Front. Lab. Med., 2017, 1, 192-199.

4796 | Mater. Adv., 2022, 3, 4783-4796

View Article Online

Materials Advances

109 U. Banerji and P. Workman, Semin. Oncol., 2016, 43, 436-445.

110 D. S.-W. Tan, G. V. Thomas, M. D. Garrett, U. Banerji,
J. S.-D. Bono, S. B. Kaye and P. Workman, Cancer J., 2009,
15, 406-420.

111 T. A. Yap, S. K. Sandhu, P. Workman and J. S.-D. Bono, Nat.
Rev. Cancer, 2010, 10, 514-523.

112 Z. Liang, R. Shen, Y. H. Ng, P. Zhang, Q. Xiang and X. Li,
J. Mater. Sci. Technol., 2020, 56, 89-121.

113 B. Fu, J. Sun, C. Wang, C. Shang, L. Xu, J. Li and H. Zhang,
Small, 2021, 17, 2006054.

114 M. Naguib, M. W. Barsoum and Y. Gogotsi, Adv. Mater.,
2021, 33, 2103393.

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ma00151a



