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Preface

The development of technologies depends upon the availability of suitable materials.
The innovation in materials has brought revolutionary change in modern civilization.
The emergence of two-dimensional (2D) materials has been nothing short of revo-
lutionary change of this era. These ultrathin sheets, often consisting of just a single
layer of atoms, exhibit a plethora of extraordinary properties that defy the conven-
tions of classical bulk materials. In recent years, the exploration of ‘(2D)’ materials
has become one of the most dynamic and transformative fields in materials science
and nanotechnology. Among the diverse array of 2D materials, MXenes have rapidly
emerged as one of the most promising and intriguing families.

Gogotsi and colleagues at Drexel University first discovered the MXenes family of
2D transition metal carbides, nitrides, and carbonitrides in 2011. Since then, MXenes
have garnered immense attention due to their unique combination of properties,
including high electrical conductivity, excellent mechanical strength, and exceptional
chemical stability. Over the 14 years that have passed since the discovery of MXenes,
there have been more than 1500 papers published by scientists all around the world
on this topic. Moreover, MXenes exhibit tunable surface chemistry, making them
highly versatile for a wide range of applications spanning from energy storage and
conversion to electronics, catalysis, sensing, and beyond.

This book delves into the fascinating realm of 2D MXenes, exploring their
synthesis, properties, and diverse applications. It brings together contributions from
leading researchers in the field, providing a detailed and up-to-date overview of this
rapidly evolving area of study. The book presents the various methods for synthe-
sizing MXenes, ranging from selective etching of MAX phases to various exfoliation
strategies and highlights the key factors influencing their structural and morpho-
logical properties. Furthermore, the book addresses the rich variety of properties
exhibited by MXene materials, including their electronic, optical, mechanical, and
electrochemical behaviors. Understanding these properties is critical for harnessing
MXen’es full potential in practical applications and tailoring their properties to meet
specific technological requirements.

One of the most exciting aspects of MXene research is the broad spectrum of
applications of these materials that enable to open new applications every day.
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Throughout this book, detailed insights into the cutting-edge applications of MXenes
across different fields are provided, including energy storage devices such as batteries
and supercapacitors, electrocatalysis for water splitting and pollutant degradation,
electromagnetic interference shielding, flexible electronics, biosensing, and many
others.

As researchers around the globe unravel the mysteries of MXenes and uncover
new functionalities, it becomes increasingly evident that these materials hold the key
to addressing some of the most pressing challenges of our time. Whether it is enabling
next-generation batteries with enhanced energy density, designing ultra-efficient
catalysts for sustainable chemical transformations, or revolutionizing flexible elec-
tronics for wearable devices, MXenes offer boundless opportunities for innovation
and progress.

In this volume, leading experts in the field present a comprehensive overview of
the latest developments in MXene research, offering insights into both fundamental
science and practical applications. Each chapter provides a detailed examination of
specific aspects of MXene materials, ranging from synthesis techniques, structural
characterization, and advanced applications. By bringing together diverse perspec-
tives and expertise, this book aims to serve as a valuable resource for researchers,
students, and professionals interested in exploring the vast potential of 2D MXene
materials.

We hope that this book will inspire readers to embark on their own journeys
into the captivating world of MXenes, fostering collaboration and driving further
advancements that will shape the future of materials science and technology.

Patiala, India Dr. Om Prakash Pandey
Senior Professor

oppandey @thapar.edu

Phagwara, India Dr. Piyush Sharma

piyushsharma0135 @gmail.com


mailto:oppandey@thapar.edu
mailto:piyushsharma0135@gmail.com

Contents

10

Wave of 2D MXene . ...........c.iiiini i 1
Gurwinder Kaur, Piyush Sharma, and Om Prakash Pandey

Strategies to Prepare 2D MXenes ............................... 19
Aydan Yeltik, Alp Yilmaz, Nihan Kosku Perkgoz, Feridun Ay,
and Sina Rouhi

Propertiesof MXene . .......... ... it 45
Shanli Nezami, Farzad Moazami, Maryam Helmi,
Alireza Hemmati, and Ahad Ghaemi

MXene-Derived Composites and Their Application in Energy
Storage and Catalysis ........................ . ..., 57
Rayees Ahmad Rather and Rameez Ahmad Mir

MXenes for Energy Harvesting and Storage Applications ......... 79
Rameez Ahmad Mir, Amardeep Amardeep, and Jian Liu

Implementation of MXenes for Water Treatment ................. 109
Aadil Bathla

Emergence and Recent Advances in MXenes for Diverse
Sensing Applications .......... ... . i 121
B. Sheetal Priyadarshini, Rahul Mitra, and Unnikrishnan Manju

Progress of MXenes in Biomedical Sciences ...................... 149
Namita, Arti, Naushad Alam, and Jamilur R. Ansari

MXenes as a Promising Material for Electromagnetic

Interference Shielding ............ ... ... ... . .. L 183
Wei Lu and Hongtao Guo
Role of MXenes in Biotechnology ............................... 211

Davinder Singh, Manpreet Singh, and Zaved Ahmed Khan

vii



viii Contents

11 Application of MXenes on Separation Processes .................. 233
Shanli Nezami, Farzad Moazami, Ahad Ghaemi,
and Alireza Hemmati

12 Application of MXenes in Solution-Processed Optoelectronic
Devices ... ... 273
Ping Cai, Ling Ding, Kefan Chen, Can Song, and Baiquan Liu

13 Future Prospective and Research Avenues ....................... 301
Ajit K. Katiyar, Ravi P. Srivastava, and Mayank Gupta



Chapter 1 ®)
Wave of 2D MXene Geda

Gurwinder Kaur, Piyush Sharma, and Om Prakash Pandey

1.1 Introduction

In the twentieth century, the refractory binary transition metal carbides and nitrides
have emerged as a crucial industrial material [1]. These binary compounds are
commonly named as MX phases, in which M refers to transition metals and X refers
to C or N. The MX phases possess high elastic moduli, good mechanical properties,
high oxidation, and corrosion resistance. These phases have shown great potential in a
variety of industrial applications such as cutting and grinding tools, bearings, textile-
machinery components, semiconductors, oxidation-resistant gas burners, etc. [2].
The discovery of their catalytic behavior in the 1970s sparked initial exploration of
their applications in energy conversion and storage [3]. Later, various nanostructure
designs were proposed to improve the surface properties and performance of transi-
tion metal carbides or nitrides [4, 5]. In addition, MX phases have limited thermal
and electrical conductivity, are difficult to process, have little damage tolerance, and
are exceedingly brittle, despite their many uses. To get around these drawbacks, MX
phases with metallic characteristics are being developed as an alternative. Conse-
quently, MAX phases (where A stands for metals) consisting of nano-laminated
carbides and nitrides are discovered [6, 7]. Ti3SiC, MAX phase was prepared by
Barsoum and El-Raghy [8, 9], who sparked renewed attention to MAX phases.
They investigated the material’s mechanical, electrical, and thermal properties. The
MAX phase was identified by this research team as a class of thermodynamically
stable layered nanolaminate compounds. Subsequently, MAX phases captured the
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attention of the scientific community because of the exceptional blending of metal
and ceramic characteristics [10]. These phases have excellent machinability, strong
thermal shock and oxidation resistance, low weight, and good stiffness. Due to their
unique combination of properties, MAX phases have a wide variety of potential
applications in fields as diverse as high-temperature structural applications, protec-
tive coatings, sensors, low-friction surfaces, electrical connections, and many others
[11-14].

In 2011, MAX phases were used as precursors for the synthesis of 2D MXenes.
The first 2D titanium carbide (Ti3C, Ty) was discovered, which paved the way for the
discovery of a new class of 2D transition metal carbides or nitrides called MXenes
[15, 16]. MXenes are derived through etching of A layer from MAX phases, where
A stands for metal (Al, Si, Ga, Ge, In, Sn). The hydrophilic nature of hydroxyl
or oxygen-terminated surfaces and the properties of transition metal carbides make
MXenes a particularly interesting material. The MXenes have shown tremendous
potential in the field of energy, sensing, wastewater treatment, EMI shielding and
biomedical. Nowadays, MXenes is one of the rapidly expanding families of 2D
materials. The general formula for MXenes is My, X, Tx, where M stands for early
transition metal, X for carbon or nitrogen, n is an integer and Tk stands for surface
termination group (= O, —F, and —OH) [8]. As of now, MAX phases have been
synthesized by using approximately 14 M elements, 16 A elements, and 2 X elements
[9]. In this way, different MAX phases can be synthesized by trying out different
combinations. The scope also widened with the substitution or doping and with the
discovery of quaternary MAX phases. The chemical diversity of MAX phases plays
an important role in the development of novel MXenes. In the present chapter, the
fundamental aspects related to its basic structure and synthesis of MXenes have been
discussed. The chapter aims to provide insight into chemical diversity of MXenes.
Finally, the properties and the potential applications of MXenes have been addressed.

1.2 Fundamentals of MXenes

MXenes are a class of two-dimensional inorganic compounds. These materials
consist of few atoms of thick layers of transition metal carbides, nitrides, or carboni-
trides [10, 11]. These materials possess unique combination of properties of transition
metal carbides and hydrophilic nature hydroxyl or oxygen-terminated surfaces [12].
The general formula of MXene is “M,;+1 X, T,”, here “M” represents early transition
metal, “X” is carbon and/or nitrogen and “T,” is the functional group attached with
“M” element. The elements considered as “M”, “X”, and “T,” in MXenes are shown
in Fig. 1.1.
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Fig. 1.1 The elements
considered as “M”, “X”, and
“T,” in MXenes

Ti, Zr, Hf,
V,Nb, Ta
Cr, Mo

1.2.1 Structure of MXenes

In general, MXenes surfaces are terminated with functional groups, which are
obtained through etching of MAX phases. Figure 1.2 shows crystal structure of
(M3AX;) MAX phase and their corresponding (M3X,T,) MXene.

The general formula for MAX phases is “M,,+1AX,,”, where “M” is the transition
metal carbide, “A” is the metal, and “X” is carbon and/or nitrogen. MAX phases
possess layered hexagonal crystal structures with two formula units per unit cell, for
structures n equal to 1 to 3. The unit cell consist of MgX octahedra with the X-atoms
filling the octahedral sites between the M-atoms, which are identical to those found
in the rock salt structure of the MX binaries. The octahedra alternates with layers of
pure A-elements located at the centers of trigonal prisms that are slightly larger, and

MAX Phase MXene
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Fig. 1.2 Crystal structure of (M3AX3) MAX phase and their corresponding (M3X,T,) MXene
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thus more accommodating of the larger A-atoms. MXenes adopt three structures, as
inherited from the parent MAX Phases: M,C, M3C,, M4C5 [13].

1.2.2 Synthesis of MXenes

MXenes are synthesized by the following three different steps, i.e., (i) synthesis
of MAX phase, (ii) exfoliation of “A” layer from MAX phase, and (iii) inter-
calation/delamination of MXenes layer, which will be discussed in Chap. 2. The
schematic representation of the synthesis of MXenes is presented in Fig. 1.3. The
brief description of the above steps for the synthesis of MXenes is as follows:

(i) Synthesis of MAX Phases

Several methods are reported for the synthesis of the MAX phases. Numerous
researchers follow different sintering techniques such as conventional sintering, spark
plasma sintering (SPS), hot isostatic pressing (HIP), and hot pressing (HP) to obtain
highly pure nanolaminated MAX phases. In the conventional sintering process, no
external mechanical pressure is employed on the material during heat treatment. In
HIP and HP sintering techniques, the external mechanical pressure is induced [14].
Furthermore, electric field is applied to give heat treatment in SPS technique [17].
All the sintering processes are performed in the presence of argon environment to
avoid the oxidation of the MAX phase. In SPS technique, a direct electric current is
applied to heat up the electrically conductive devices in a graphite die [18].

(i) Exfoliation of “A” Layer from MAX Phase

Exfoliation is the process in which “A” element can be etched from MAX phase, to
separate the stacked layers into single flakes. The MAX is immersed and stirred or
sonicated in acidic solution to obtain MXenes. After acidic treatment, the obtained
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Fig. 1.3 The schematic representation of the synthesis of MXenes from 312 MAX phase
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sample is washed several times in the centrifuge tube, to normalize the pH = 7. In
this process, MXene layers are obtained but there is weak bonding between function
group and transition metal. Hence, intercalation and delamination of exfoliated MAX
phase should be done to obtain a single MXene layer or flake.

(iii) [Intercalation and Delamination of MXenes

Exfoliated MXene layers are intercalated to increase the distance between two adja-
cent layers. In this process, MXene layers are intercalated with different polar organic
molecules and metal ions (mono and multivalent cations such as Li*, Na*, K*, NH*,
and Mg?*). After intercalation, a single layer of 2D MXene is obtained. Furthermore,
MXene layers are treated with organic solvents for the delamination of MXene.

1.3 Chemical Diversity

The chemical diversity of MAX phases allows for a wide variety of possible MXenes
configurations [9]. Substitution or doping in MAX phases further opens the door to
novel MXenes. It was observed that the MAX phase becomes magnetic in nature
after the doping of Mn or Fe at M site [19]. In such a way, the properties of resulting
MXenes can also be tuned, which is discussed in Chap. 3. It is worth noting that
the MAX phase solid solution provides several opportunities for novel MXenes. The
potential for expansion of the family of 2D MXenes has also been sparked by the
discovery of in-plane and out-of-plane ordered MAX phases. Figure 1.4 shows the
periodic table highlighting the elements used for the synthesis of MXenes and MAX
phases [20].

In MAX phases, M elements (highlighted in blue) are sandwiched between a single
layer of A element (highlighted in red), with X (highlighted in grey) occupying the
interlayer octahedral sites. In MXenes, the layer of M elements is interleaved with n
layers of X elements having Ty (highlighted with orange) surface terminations. Over
a hundred different stoichiometric MXene compositions and an infinite number of
solid solutions provide not only novel property combinations but also offer possibility
to tune properties by varying ratio of M or/and X elements. The cations that have so
far been intercalated into MXenes are visible on the green backdrop in Fig. 1.4. The
legend at the bottom of the figure, 1M and 1A are related to the formation possibility
of a single M and A element MAX phase and/or MXene, respectively. SS stands
for the solid solutions of MAX phases and MXenes. 2M indicates the presence of
two transition metals to form an ordered MAX phase and/or MXene. The figure
demonstrated how the elements can be used as building blocks to create a wide range
of nanomaterials, with MXenes, their precursor MAX phases, and intercalated metal
ions in MXenes as embodiments of the fundamental principles of chemistry.

In addition, MXene-based composites are also developed to overcome the issue
of restacking of MXene layers resulting in oxidation and decrease in electrical
conductivity. Several researchers are involved in developing MXene-based composite
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Fig. 1.4 The periodic table presents the elemental compositions of MXenes and MAX phases.
Adapted with permission from [20]. Babak Anasori et al., Graphene and 2D Materials, MXenes:
trends, growth, and future directions, 7, 75-79, 2022, Copyright (2022), Copyright the Authors,
some rights reserved; exclusive licensee [Springer]

with a variety of materials including polymers, metals, and carbon-based materials.
The resulting composites have shown improvement in their properties. A detailed
discussion of MXene-based composites is presented in Chap. 4.

1.4 Properties of MXenes

MXenes have remarkable properties such as high Young’s modulus, thermal conduc-
tivity, electrical conductivity, and the adjustable band gap [21]. The properties of
MXenes are dependent on composition that includes solid solution formation and
different transition metals “M” and “X” elements. In addition, MXene’s proper-
ties also rely on thermal and chemical treatments, which are responsible for surface
functionalization and variation in morphology [16]. The leading properties of MXene
family exhibit very different properties as given here.

(i) Electronic and Electrical Properties

The two foremost interesting properties of MXenes are electronic and electric prop-
erties that can be modified by alteration of functional groups, stoichiometry, and
solid solution formation. It has been observed that the experimental value of elec-
trical conductivities of MXenes is similar to multi-layered graphene while higher
than carbon nanotube materials. Moreover, it was witnessed that resistivity values
increase with the rise in the number of layers and the presence of functional groups
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[22], due to which the simulated conductivities have generally larger values than the
one’s observed experimental values [23].

The electrical conductivities of MXene are reported to vary due to changes
in defect concentration, surface functional groups, delamination yield, d spacing
between MXenes flakes and lateral sizes. The formation of MXenes with fewer
defects and larger lateral sizes provides higher electrical conductivity because of
lesser HF concentrations and etching time [24]. In case of electronic sensing mate-
rials [25], their conductivities are influenced from environmental humidity [24]. A
useful way to enhance conductivity and electrical properties is surface modification
via various treatments such as by altering the functional groups and intercalating the
molecules.

(il) Mechanical Properties

Mechanical properties of MXenes are highly interesting because of its strong bonding
between atoms. An elastic constant (c11) of MXene is two times greater than MAX
phases and other 2D materials along with high bending stiffness, which is good
towards their use as reinforcements in composites [26, 27]. Apart from this, MXenes
have functional groups due to which they interact better with polymeric matrixes
than graphene for composite applications [23, 27]. With an increase in the number of
layers of MXenes, Young Modulus of both MXene carbides and nitrides decreases
but nitride-based compounds possess higher values than carbides [28]. The growth
of critical deformations increases as the value of c11 decreases due to the occurrence
of terminations. More importantly, these values of MXenes are higher as compared
to graphene which possess the feature of flexibility in electronics. Although several
methods for mechanical testing of bulk materials exist, the evaluation of mechan-
ical properties of 2D is still challenging. Most of the time, mechanical properties
of 2D nanomaterials were calculated by nanoindentation technique, in which an
AFM tip applies force at the center of a 2D material film [29]. All in all, complete
theoretical and experimental evaluations of mechanical properties with the different
functionalization groups are still to be performed.

(iii) Thermal Properties

Thermal properties of MXenes are important particularly in electronic devices, which
require faster heat dissipation. It plays an important role in electronics and energy-
related heat dissipation devices due to their non-stop reduction in size [30]. Some
studies suggested that MXenes have high thermal conductivities and low thermal
expansion as compared to phosphorene and MoS, monolayer. Apart from this, it
is observed that thermal conductivities of Ti,CO,, Zr,CO,, Hf;CO,, and Sc,CF,
vary from 22 to 472 Wm~! K~! at room temperature. Interestingly, the thermal
conductivity is dependent on length of MXenes as the thermal conductivity of Sc,CF,
increases from 298 to 722 Wm~! K~! when the flake lengths vary from 1 to 50 wm
[31]. Regarding the oxygen—terminated compounds, it was found that their thermal
conductivities increase with the metal “M” atomic number. Overall, the synthesis
procedure adopted and the resultant morphology are both substantial for thermal
conductivity.
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(iv) Magnetic

Several studies reported the variation in magnetic properties of MXenes using
different theoretical calculations. In many compounds of MXenes, viz., TisCs,
TizCN, Fe,C, Cr,C, Ti3N», Ti;N, Zr,C and Zr;C, MXenes demonstrate retention in
magnetic moments. Depending upon the surface terminations and functional groups,
Ti3CNTy and TisC5 Ty turn into non-magnetic behavior, whereas Cr,CTy and Cr, NTy
stay ferromagnetic at room temperature [32, 33]. In addition, Mn,NTy behaves as
ferromagnetic irrespective of the surface terminations [34]. Due to limited synthesis
and control on surface chemistry of MXene compounds, magnetic moments are
calculated theoretically and have not observed experimentally yet.

(v) Optical

The absorption of visible and UV light is vital for transparent conductive elec-
trode devices, photocatalytic, photovoltaic, and optoelectronic. In case of TizC,Ty
MXenes, it could absorb light in the UV region from 300 to 500 nm whereas 5 nm
thickness film exhibited transmittance up to 91.2% [35]. Depending on the film thick-
nesses, it may present a strong and broad absorption band at around 700-800 nm
which plays an important role in photothermal therapy (PTT) applications [36]. More
importantly, with change in thickness and ion intercalation of MXene, the value of
transmittance could be optimized. During the synthesis process, the value of trans-
mittance decreases when hydrazine and DMSO are used as reducing agent whereas
tetramethylammonium hydroxide (NMe,OH) increased it from 74.9 to 92.0%. Apart
from this, the presence of functional groups also influences the optical properties of
these 2D compounds. For instance, —F and —OH terminations decrease absorption
and reflectivity in the visible range whereas all terminations enhance the reflectivity
in the UV region. MXenes are potential candidates for flexible transparent electrode
applications as they have optical transparency in the visible region. Finally, it has the
outstanding capability to convert light into heat which is further useful for biomedical
and water evaporation applications [37].

1.5 Applications of MXenes

1.5.1 MXenes for Energy Conversion and Storage

Graphene-like materials such as TMCs, MXenes, and TMNs with better carrier
mobility and an intrinsic layered structure have shown promise as a replacement
for expensive noble metal electrocatalysts. TMCs and TMNs are intriguing because
these materials share the same electronic structure as noble metals like Pt, making
them a possible replacement for Pt and IrO,/RuO, noble [3, 38]. The 2D MXenes
have gained interest as a means of improving the hydrogen evolution reaction (HER)
and oxygen evolution reaction (OER) activity as well as stability of TMCs and
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TMNs electrocatalyst because of their remarkable inherent and extrinsic features.
The enhanced water-splitting ability of MXene can be attributed to their similar band
structure to Pt (caused by carbon inclusion in a metal lattice), their larger number
of edge sites, and their improved active sites due to connected functional groups
on the surface. Electrocatalyst for HER and OER has been developed using various
TM-based MXene species (Ti, Mo, and V). MXene-based electrocatalysts are also
used for other energy conversion reactions such as oxygen reduction reaction (ORR),
methanol oxidation, nitrogen reduction reaction (NRR). It is worth noting that the
electrochemical performance of MXenes can be tuned with the change in the func-
tional group attached. Moreover, Bare MXene and most functionalized derivatives
exhibit metallic or narrow band gap semiconducting characters, offering MXene
inherent advantages in terms of electronic conductivity [39, 40]. This makes them
suitable candidate for energy storage applications. Figure 1.5 shows the schematic
representation of MXenes for the energy conversion and storage applications.
Among various MXenes, Ti;C, is a promising candidate for lithium-ion battery
(LIB) anodes with low operating voltage and diffusion barrier. Delaminating multi-
layer MXene into paper-like structure can effectively improve the electrochemical
performance [41]. The pillared MXene with proper interlayer spacing can accom-
modate the ions of electrolytes, facilitate the adsorption and intercalation of elec-
trolytes, and then improve the electrochemical performance. Due to the intrinsic

| ORR
ENERGY CONVERSIQy

| OER | NRR

N

| HER 4 { MOR

Fig. 1.5 Schematic representation of MXenes for the energy conversion and storage applications
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metallic conductivity and the highly active 2D surface, MXene-based materials are
expected to be promising hosts for Li—S batteries. Ti,C MXene phase was effective
as a cathode host material for Li—S batteries [42].

Due to the high power density, rapid charging/discharging rate, and long cycle life,
MXene-based supercapacitors and pseudo-capacitors have attracted a lot of research
interest [43]. Owing to their high power output, supercapacitors are always used in
hybrid electric vehicles and fuel cell vehicles for start-stop control systems [43, 44].
Therefore, supercapacitors play a significantrole in future energy storage systems. On
the other side, pseudo-capacitors depend on fast and reversible Faradic processes.
MXene-based pseudo-capacitors can store more energy at high charge/discharge
rates and have attracted considerable attention [13]. The performance of pseudo-
capacitive material mainly depends on the interaction between electrode materials
and the electrolyte ions. However, the understanding of the interaction is still limited.
A detailed discussion on energy conversion and storage is presented in Chap. 5.

1.5.2 MXenes for Wastewater Treatment

Water contamination has become a top problem for the industrialized world as a
whole and a significant cause of worry for society and governmental agencies [45].
Water pollution happens when one or more pollutants are released into it that will
negatively alter the water. These compounds may have negative effects on our envi-
ronment and living organisms. Water contamination may be categorized in two ways
depending on the main sources such as point and non-point. The first kind of pollu-
tion refers to contaminants that come from a single source, such as industrial water
pollution, whereas the second type of pollution refers to contaminants that come
from several sources [46]. There are several factors that contribute to water pollu-
tion, including energy consumption, radioactive waste, urban growth, sewage and
wastewater management, industrial waste, mining operations, pesticides, and chem-
ical fertilizers. Water pollution is inevitable simply because it is utilized for so many
different purposes. Industrial, home, and agricultural operations all create wastew-
ater that contains harmful contaminants. Water resources in this situation must be
continuously protected.

In the developed nations, the regulation governing liquid industrial effluent is
becoming harsher and now requires that all wastewater be treated before it is
discharged into the environment [47]. As a result, the treatment of effluents has taken
precedence in the industrial world. Numerous physical, chemical, and biological
procedures, including flotation, precipitation, oxidation, solvent extraction, evap-
oration, carbon adsorption, ion exchange, membrane filtration, electrochemistry,
biodegradation, and phytoremediation, have been documented during the last three
decades. In general, physical, chemical, and biological methods are used to remove
contaminants.

Recently, MXenes and MXene-based composites emerged as a potential catalyst
for wastewater treatment. Various research groups are involved in the development
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of MXene-based catalyst for the removal of heavy metal ions, radionuclides, and
organic pollutants (Fig. 1.6) [45]. Several factors (pH, dosage, oxidant concentration,
temperature, and co-existing ions) are involved that govern the overall performance
of MXenes for wastewater treatment. In addition, the chemical diversity of MXenes
offers numerous possibilities to design and fabricate high-performance catalysts.
A detailed discussion on the catalytic mechanisms of MXenes and MXene-based
composites is presented in Chap. 6. Regarding their scalability for practical applica-
tions, the existing issues and future possibilities in wastewater treatment have also
been presented in Chap. 6.

Fig. 1.6 MXenes for the removal of contaminants from the water. Adapted with permission from
[45]. Copyright (2023), Copyright the Authors, some rights reserved; exclusive licensee [Elsevier].
Distributed under a Creative Commons Attribution License 4.0 (CC BY) https://creativecommons.
org/licenses/by/4.0/
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1.5.3 MXenes as Sensors

MXene materials have been proven as highly sensitive and selective detection plat-
form for sensing applications in spite of their very short journey [48]. Morphology,
extraordinary surface chemistry and excellent conducting properties, biocompati-
bility is among one of the most prominent features of MXenes which make them
highly suitable matrix for fabrication of advance bio-sensing platforms [49]. MXene-
based electrodes have been utilized as effective transducers for immobilization of
biological receptors onto their surface and have shown considerable sensing char-
acteristics. MXene biosensors enhance the catalytic performances of sensing matrix
and help enzymes/protein to retain their bioactivity without altering the original
native conformation.

Apart from electrochemical biosensors, MXenes have driven an impressive
research in gas-sensing applications [48]. Determination of volatile organic
compounds (VOCs) at ultra-trace level (ppb) for pollution analysis, detection of
toxic gases, and therapeutic breath analysis for early identification of many diseases is
highly crucial [44]. MXene materials have been considered as solid-state gas sensors
with low electrical noise and well designed to detect these gaseous molecules with
strong signal intensity, high manufacturing substrate flexibility and portability [50,
51]. Moreover, sensing approaches often include wearable nano-electronics, which
have gained inexplicable attention for monitoring various health-related activities
such as physical stimuli, weak pressure, and physiological signals [52]. MXenes are
to be used as highly advanced platform for detection of phonations and substantial
movements like walking, jumping, running or other human activities like coughing,
joint bending [40].

In addition, MXenes are also used as a photoluminescence sensor. Photolumi-
nescence is an effective technique that has often been employed in optical, biomed-
ical, and cellular imaging areas [53]. However, recent advancements in materials
sciences have made it possible to construct highly sensitive optical MXene-based
quantum dots (MQDs) for bio-imaging applications [54]. In a recent study, an
intracellular photoluminescent ratiometric pH sensor was developed using TizC,-
MQDs for detection of cell metabolism [53]. A detailed description related to the
MXene-based sensor is presented in Chap. 7.

1.5.4 MXenes in Biomedical Science

MXenes have many uses in the field of biomedical sciences. Optical and elec-
trical signals of MXene-based sensor could be used for bioimaging, biosensing,
therapy, drug delivery, etc. MXenes have become a known candidate for the devel-
opment of extraordinary biosensors due to their high surface-to-volume ratio,
unique electrical and optical properties, functional groups on the surface, and great
hydrophilic behavior [55]. MXene-based sensor can detect hydrogen peroxide,
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nitride, glutathione, glucose, dopamine, epinephrine, organophosphate, and pesti-
cides by sending electrical signals from a surface that has been changed by adding
different analytes, which are made up of proteins and amino acids. MXenes are also
used as optical sensors, in which signals can be picked up by two types: electrochemi-
luminescence (ECL) biosensors and surface plasmon resonance (SPR) biosensors.
The ECL biosensors are used to detect proteins, enzymes, and DNA, while SPR
biosensors are used to find and treat cancer cells by detecting carcinoembryonic
antigen in human serum. Moreover, MXenes have superior electronic and mechan-
ical properties that can change the way electrical signals behave in response to phys-
ical conditions like pressure and tension [56, 57]. Physical sensors, which are made
with MXenes, are used to detect things like muscle strains and other physiological
processes. A detailed insight related to the role of MXenes in biomedical science is
presented in Chap. 8.

1.5.5 MXenes for Electromagnetic Shielding

The high electrical conductivity and distinctive multi-layer structure of MXene are
primarily responsible for its remarkable EMI shielding capabilities. With a conduc-
tivity of roughly 0.3 S cm™!, the Ti,CTx MXene has demonstrated the highest EMI
SE over 70 dB when the thickness is 0.8 mm, exceeding most of the reported carbon-
and metal-based materials [58]. The 2D structure and adequate functional groups on
MXene’s surface make them easily hybridized with other nanomaterials to accom-
plish the goal of tuning MXene’s properties. It is difficult to get exceptional EMI
shielding performance because of the homogeneous material. Therefore, the design
of the material’s structure and composition is crucial to address the need for MXene-
based materials in EMI shielding. In Chap. 9, the use of MXenes for electromagnetic
interference (EMI) shielding is discussed in depth.

1.5.6 MXenes in Biotechnology

The dielectric response of MXenes is greatly influenced by their metallic nature and
interband transitions. It has been shown that the optical performance of MXenes is
significantly influenced by surface functionalization (or functional groups) [59]. The
MXene’s absorption peaks are red-shifted due to the presence of functional group
from the UV to the visible light spectrum by ~40% and depends on the location
of the functional group. Further investigation based on thin film testing demon-
strated the intrinsic electrochromic properties of titanium-based MXenes [60]. For
the development of electroactive materials for biotechnological applications, control-
ling the band gap value is crucial. By inserting a metal atom, altering the material’s
surface terminals, or inducing hybridization, the band gap value of MXenes may be
altered. The tunable band gap and exceptional electrical and transport properties are
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the promising prospects for their use as electroactive agents in biotechnology. The
importance of MXenes to the biotechnology industry is discussed in Chap. 10.

1.5.7 MXenes for Separation Processes

Several materials with desirable properties have been studied to improve the separa-
tion efficiency. To fabricate high-performance membranes, which may be designed
on a nanoscale or even sub-nanometer scale requires atomically thin 2D materials,
which have been the subject of intense research. Hence, the trade-off constraint
might potentially be overcome by lowering the transport resistance that will increase
permeance and guarantee a clean separation process. According to the structure, 2D
material-based membranes are often divided into two types: nanosheet membranes
and lamellar membranes [61]. In the case of nanosheet membranes, solutes are carried
through inherent or drilled holes in a membrane consisting of a single or few layers
of nanosheets. It is predicted that the ultimate permeance and selectivity will be
achieved by a nanosheet membrane with an atomic thickness. Nevertheless, it is
still difficult to create nanopores with a consistent size and a high density. Graphene-
based membranes have paved the way for this new class of membranes, which exhibit
unprecedented permeance and selectivity. By using vacuum-assisted filtration (VAF),
Li et al. [62] developed ultrathin graphene oxide (GO) membranes with thicknesses
ranging from 1.8 to 20 nm. These membranes showed unprecedented separation
performance toward hydrogen, with selectivities of H/CO, and H,/N; pair gases
reaching as high as 3400 and 900, respectively, and are quite stable across a wide range
of temperatures. The separation performance surpasses that of reported polymeric
membranes, hence dissolving the polymeric membranes’ top bond. A wide range of
2D materials, beyond GO, have been explored for use in the fabrication of separa-
tion membranes. These include molybdenum disulfide, metal-organic frameworks
(MOFs), covalent organic frameworks (COFs), and zeolites [61]. MXene, a relatively
novel 2D material with unusual physical properties, has recently attracted consider-
able scientific interest. MXenes are well suited for separation application due to their
hydrophilicity, remarkable flexibility, and abundance of surface groups. Separation
applications such as gas separation, water treatment, organic solvent purification,
nanofluidic ion transport, and osmotic energy conversion are discussed in detail in
Chap. 11.

1.5.8 MXenes in Solution-Processed Optoelectronic Devices

New insights into the properties of 2D materials have shown an attractive platform
for energy conversion and storage technologies of the future. Mechanical exfolia-
tion of the bulk material revealed the unique characteristics of these materials as
2D systems. Recent developments in liquid phase exfoliation have provided a new
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avenue for research into these materials by allowing for the mass fabrication of solu-
tions containing distributed nanosheets of 2D crystals [63]. Since these novel 2D
materials may be applied in a liquid phase, it provides a new path to solution-process
procedures, which can improve manufacturing efficiency and decrease production
costs. Among various 2D materials, MXenes emerged as a suitable candidate for
separation application. The optoelectronic properties of MXenes are tunable with
the choice of intercalating agents. MXene-based films are the foundation of plas-
monic application. MXenes (colloidal aggregate flakes) have an astonishing figure
of merit (FOM) for their optoelectronic properties, which is twice as great as that
of reduced graphene oxide. For high-performance solution-processed optoelectronic
devices (organic/perovskite light-emitting diodes and solar cells), Chap. 12 highlights
the many uses of MXenes in electrode, interface, and emitting/active layers.

1.5.9 Future Prospective and Research Avenues

There are several properties of MXene has been explored. However, considering its
structural features which depends on the procedure adopted for preparation, many
more applications needs to be explored. This has been highlighted in Chap. 13 of
this book.
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Strategies to Prepare 2D MXenes i

Aydan Yeltik, Alp Yilmaz, Nihan Kosku Perkgoz, Feridun Ay,
and Sina Rouhi

2.1 Introduction

Since the synthesis of the first MXene in 2011, its demand has been increasing.
MXenes have been used in various applications such as batteries, supercapacitors,
hydrogen storage, and biosensors due to their high electrical conductivity, high
volumetric electrochemical capacitance, adjustable band gap, high thermal conduc-
tivity, and high strength resistance [1, 2]. MXenes are characterized by the chemical
formula M, X, Tx (M = Ti, V, Mo, Hf, Cr, etc.; X = C, N; T = -OH, -O, -F,
etc.) and can be synthesized using a variety of top-down and bottom-up methods.
Presently, top-down methods are favored due to their low cost, ease of use, and scala-
bility for large-scale 2D MXene synthesis. However, the quality of products synthe-
sized using top-down methods is often lower, leading to the preference for bottom-up
methods in producing high-quality 2D MXenes, albeit at a higher complexity, cost,
and smaller-scale production [3]. In this chapter, 2D MXene preparation strategies
are described under two sections as top-down methods and bottom-up methods.
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2.2 Top-Down Methods

Top-down methods stand out particularly in terms of being used in the industrial
field, as they allow products to be synthesized on a larger scale and at lower cost. For
the synthesis of 2D M, X, Tx MXenes with these methods, the layers of A atoms are
removed from the M, AX,, MAX phase (A = Al, Si, Zn, etc.) by selective etching.
Top-down methods are presented here under the headings of wet-chemical synthesis
of 2D MXene and other advanced top-down methods as well as fabrication of 2D
MXene films, respectively. The wet-chemical synthesis part was examined under four
subtitles, respectively, as fluorine-based acid etchants, fluorine-free base etchants,
molten-salt etchants, and electrochemical etching.

2.2.1 Wet-Chemical Synthesis of 2D MXene

2.2.1.1 Fluorine-Based Acid Etchants

One of the frequently used methods for the synthesis of MXene from the MAX phase
is the selective etching of A atoms using HF solvent as described in Fig. 2.1a. In
2011, Naguib et al. synthesized nanometer-thick Ti;C, MXene crystal layers for the
first time by removing Al from the Ti;AlIC, MAX phase [4]. The Al atoms in the
MAX phase, which act as a bridge between the Ti3;C, layers and connect the layers
with metallic bonds, were etched using HF solvent. Accordingly, it was observed
that dangling bonds terminated with —OH or —F surface groups were formed in the
synthesized 2D TizC, layers. The chemical reactions occurring in the process are
shown in Eqgs. 2.1-2.3. After centrifugation, 2D layers were obtained by replacing
stronger metallic bonds in the layered structure with weak van der Waals bonds.

Ti3C, + 2H,0 — Ti3C,(OH), + H, (2.2)
TizC, + 2HF — Ti3C,F, 4+ H, (2.3)

As a further study to optimize the standard HF-based etching method and examine
the underlying mechanism, Chang et al. observed the effect of HF treatment time
on the etching process [5]. Accordingly, after 20 h of HF treatment, it was observed
that the Ti3AlIC, MAX phase transformed into TisC, MXene phase with a layered
structure as a result of the selective etching of Al atoms, as shown in Fig. 2.1b—d. In
addition, the synthesis of the MXene phase was proven with the mostly disappearance
of the peaks of the Ti3AlC, MAX phase after 20 h of treatment in the XRD pattern
given in Fig. 2.1e. In another study, Liu et al. observed that the performance of the
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Fig. 2.1 a Schematic representation of MXene synthesis from the MAX phase using HF [7]. SEM
images showing unetched and etched MAX phases; b before etching process, ¢ after 20 h, and
d high-resolution image of the etched sample, respectively. e XRD pattern of unetched and etched
MAX phases. Adapted with permission from [5]. Copyright (2013), Copyright The Authors, some
rights reserved; exclusive licensee [Elsevier]. Distributed under a Creative Commons Attribution
License 4.0 (CC BY) https://creativecommons.org/licenses/by/4.0/

etching process increased due to the higher solubility of the HF solvent as a result of
increasing the etching temperature [6]. In addition, it was observed that the number
of bonds terminated with -OH and —F groups is higher in etching processes at higher
temperatures, due to greater ion mobility.

As avariant of 2D MXene, Hf3C, Ty (Tx; —~OH, —O, —F groups), few-layered flakes
with the 2-5 pm lateral dimensions were synthesized by Zhou et al. using HF from the
Hf3(Al-S1),Cs MAX phase having the A layers doped with Si [8]. With this method
different from the standard HF-based etching, the length of the bonds between the Hf-
C atoms increased and weakened due to the doping of Si atoms, resulting in stronger
bonds between the C-Al atoms with the adhesive energy decreasing at the etching
interface which increased the efficiency of the etching process. As a result, Hf3C, Ty
MXene flakes were obtained by removing Al4C4 molecules from the structure.

In addition to using HF acid etchant directly, it can be formed as a product by using
amixture of HCl and LiF acid as shown in Eq. (2.4). In 2015, Anasori et al. examined
the MXene structures of about 20 double transition metals carbides using density
functional theory (DFT) calculations and synthesized Mo, TiC,Tx, Mo, Ti,C3Tk,
and Cr, TiC4Tx double metal carbide 2D MXene flakes by etching with a mixture of
HCI and LiF solvents followed by delamination including DMSO intercalation and
sonication steps [9]. Cr,TiC,Tx and Mo, Ti,C3Tx MXene flakes synthesized with
this method were found to contain more contamination compared to Mo, TiC, Ty
MXene flakes.

LiF + HCl — HF + LiCl 2.4)
To investigate the electrochemical and heterogeneous electron transfer properties

of MXenes, Nayak et al. synthesized few layer and multilayer 2D TisC, Ty (Tx; —
OH, -0, -F groups) MXene crystals using two methods named Clay and minimum
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intensive layer delamination (MILD), as depicted in Fig. 2.2a-b [10]. In the Clay
method, the Ti3 AlIC, MAX phase was etched using a mixture of LiF and HCI solvent
to obtain the bulk Ti;C, Ty phase, and then the ultrasonication method was used to
break the weak bonds between the layers. The MILD method was carried out to
synthesize few-layered MXene phases with simple shaking instead of sonification,
using a mixture of LiF and HCI solvent with increased LiF ratio in the etching process.
As a result, multilayer (1013 layered) TisC,Tx MXene flakes were obtained in the
clay method, while few layer (1-2 layered) Ti;C,Tx MXene flakes were obtained in
the MILD method (Fig. 2.2c—f).

Furthermore, Shayesteh et al. developed the evaporated-nitrogen MILD (EN-
MILD) process by adding dry nitrogen to the system to improve the MILD method
and increase the stability, capacitance, and electrical conductivity of MXene flakes
[11]. By using nitrogen environment in EN-MILD method, the acid concentration
was increased by providing partial evaporation of the LiF and HCI solvent mixture
used for etching, and hence, etching and delamination processes could be performed
with higher efficiency. Moreover, by increasing the etching time, high-efficiency
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Fig. 2.2 SEM images of a few-layered and b multilayered MXene flakes of varying thickness,
shown in ¢, d AFM images and e, f thickness distributions [10]. g Raman spectra of Ti3AlC; and
TizC, after etching [13]. h Diagrams illustrating a plasma treatment-assisted DBD plasma system
method used to obtain nitrogen-doped Ti3C, Ty, adapted with permission from [14]. Copyright
(2021), Copyright: The Authors, some rights reserved; exclusive licensee [Elsevier]. Distributed
under a Creative Commons Attribution License 4.0 (CC BY) https://creativecommons.org/licenses/
by/4.0/, and i an etching process assisted by SAWs to synthesize TizCoTx MXene flakes [15]
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etching was achieved even using a lower concentration solvent mixture. In addition,
it was observed that the number of defects in the synthesized multilayer MXene
flakes was lower while the sizes of the flakes were higher, and the number of TiO,
intermediates formed during the synthesis was significantly reduced in the EN-MILD
method compared to the MILD method.

Due to the low solubility of the LiF solvent in water and therefore the increased
etching time, a high temperature is required to dissolve in the etching solution.
Accordingly, when synthesizing 2D Mo,CTy (Tyx; “OH, —-O, —F groups) MXene
flakes, Guo et al. decreased the etching time from several days to 24 h by using
NaF, KF, and NH4F solvents at lower temperatures than the solubility temperature
of LiF [12]. Further, Wang et al. synthesized Ti;C,Tx MXene flakes from Ti3; AlC,
MAX phase via etching using NH4F solvent in aqueous solution [13]. The water
in the aqueous solution reacted with the NH4F solvent and formed NH; and HF. It
has been reported that etching is carried out when the HF compound reacts with Al
atoms in the MAX phase, which is proved with Raman spectra as shown in Fig. 2.2g.
Etching reactions were also observed to be more effective by increasing the NH4F
concentration or the reaction temperature or the reaction time for the synthesized
few-layered TizC,Tx flakes.

In another study, Chen et al. obtained nitrogen-doped Ti3;C, Tx MXene flakes using
a plasma treatment-assisted dielectric barrier discharge (DBD) plasma system at low
temperatures [14] (Fig. 2.2h). Multilayer Ti;C,Tx MXene flakes were synthesized
from Ti3AlC, MAX phase by etching using a solvent mixture of LiF and HCI, and
then NH4HCO3/Ti3C,Tx MXene flakes were obtained by immersing the MXene
flakes in the saturated NH4HCOj; solution and allowing NH,HCOj to enter between
TizC, Ty layers. After that, nitrogen-doped Ti3C,Tx MXene flakes were obtained by
using NH4HCO;/Ti3C, Ty MXene flakes in DBD plasma system with a mixture of
NH3; and Ar gas as plasma gas. Accordingly, the NH;HCOj5 group, which is connected
by weak bonds between the layers, decomposes into NH3, CO,, and H,O with the
effect of heat during the DBD plasma treatment. As a result, the layers are easily
and quickly separated from each other and 2D MXene flakes can be obtained. At the
same time, nitrogen atoms join the dangling bonds on the surfaces, forming bonds
that terminate with nitrogen. Also, the number of active nucleation sites increases
as a result of Ar ions bombarding the surface of the MXene flakes, and the nitrogen
doping is controlled by adjusting the concentration of the NH3/Ar gas mixture.

A reduced etching time from a few days to 15 min was obtained by a microwave-
assisted method involving HCI/LiF etching while obtaining Ti;C, Ty MXene flakes
from the Tiz AlIC, MAX phase by Zhu et al. [2]. In the process, 15 min after etching
with a LiF/HCI solvent mixture, the solution is rapidly heated using microwaves,
resulting in a rapid and violent release of H, gas and H,O vapor into the air environ-
ment. Thus, the weak bonds between the TizC,Tx MXene flakes are easily broken
and the layers are separated, eliminating the need for an additional delamination
step and significantly shortening the synthesis time. In addition, Ghazaly et al. were
able to synthesize monolayer Ti;C,Tx MXene flakes in milliseconds using a very
low concentration (0.05 M) LiF solution for etching with the assistance of surface
acoustic waves (SAWs) [15] (Fig. 2.2i). Accordingly, the H,O compound in the
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solution is decomposed into H* and OH™ ions with SAWs applied to the 0.05 M
LiF aqueous solution containing the Ti3AIC, MAX phase dispersed on the substrate
surface. The H* protons lower the pH of the solution and allow the LiF solvent to
more efficiently etch the Al element in the MAX structure. The resulting Li* and
OH™ ions are weakly bound between the Ti3;C, Ty layers. Following the etching, the
weak bonds between the layers are broken by local mechanical vibrations applied
to the substrate surface, and the single-layer Ti;C, Ty MXene flakes are suspended
above the water and then collected.

2.2.1.2 Fluorine-Free Base Etchants

Solvents used in fluorine-based etching methods are very harmful to the environ-
ment and human health, as well as limiting their usage areas due to the presence of
fluorine-terminated bonds on the surface of the material [13, 16, 17]. Furthermore,
intermediates such as AlF; formed as a result of the reaction are quite difficult to be
dissolved in any solvent [16]. As aresult of such reasons, fluorine-free processes have
been developed to synthesize 2D MXene structures. In 2014, Xie et al. conducted
one of the early studies of fluorine-free processes using NaOH solvent to synthesize
Pt nanoparticle-doped Ti3;C, Ty MXene layers [18]. Ti3AlIC, MAX phase was kept
in NaOH solvent heated to 80 °C for 100 h and immersed in H,SO, solution at 80 °C
to remove the impurities formed by etching. Due to the inability of NaOH to be a
good enough solvent, very limited etching of the Al atoms was observed. After that,
Xuan et al. used tetramethylammonium hydroxide (TMAOH) solvent to synthesize
hundred nanometer thick TizC,Tx plate-like crystals [19] (Fig. 2.3a). Accordingly,
while TMA™ cations bond between T3C, Ty layers, OH™ anions combine with Al
atoms to form bonds terminated with AI(OH),~ groups. Moreover, Li et al. synthe-
sized high-quality Ti3C,Tx nanosheets with large lateral size for the first time by
fluorine-free process using a KOH solvent [16]. Water was used to easily remove the
intermediate KAlO, formed in the reaction.

In another study, Li et al. utilized NaOH in water to obtain a high-quality multi-
layer Ti3C, Ty (Tx; —OH, —O groups) MXene phase from Ti3 A1C, MAX phase [17].
In the etching process, while Al atoms in the MAX phase form aluminum hydroxide
compounds with OH™ ions, Na atoms bond with weak bonds between layers, and
bonds terminated with —O and —OH groups are formed after the delamination process.
It was observed that the efficiency of the etching process decreased when the reaction
temperature was reduced from 270 to 250 °C, and the impurities increased as the
oxidation rate of Ti atoms increased due to the decrease in NaOH concentration at
270 °C (Fig. 2.3b). In addition, Li et al. used NaOH etching solvent to synthesize
Ti3C, T nanolayers with a high specific surface area in order to increase the elec-
trocatalytic effect, and also used TMAOH intercalation reagent in the delamination
process [20]. The effect of TMAOH intercalation reagent on the size of MXene flakes
was compared using other intercalation reagents such as N, N-dimethylformamide
(DMF), DMSO, and ethanol in the same process as shown in Fig. 2.3c—f, respec-
tively. Accordingly, it was observed that, due to the presence of positively charged
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Fig. 2.3 a Schematic illustration showing the TMAOH intercalation and delamination processes to
obtain MXene flakes from the Ti3 AIC; MAX phase. Adapted with permission from [19]. Copyright
(2016), Copyright: The Authors, some rights reserved; exclusive licensee [John Wiley and Sons].
Distributed under a Creative Commons Attribution License 4.0 (CC BY) https://creativecommons.
org/licenses/by/4.0/. b Schematic representation of etching processes in NaOH/water solution at
different NaOH concentrations and temperatures. Adapted with permission from [17]. Copyright
(2018), Copyright: The Authors, some rights reserved; exclusive licensee [John Wiley and Sons].
Distributed under a Creative Commons Attribution License 4.0 (CC BY) https://creativecommons.
org/licenses/by/4.0/. MXene flakes were synthesized in the intercalation process using ¢ TMAOH,
d DMSO, e DMF, and f ethanol solvents, respectively [20]

TMA® ions in the TMAOH intercalation compound, it exfoliated more effectively
than electroneutral DMSO, DMF, and ethanol, yet eventually smaller (50—100 nm)
multilayer/few-layer MXene flakes yielded.

2.2.1.3 Molten-Salt Etchants

Particularly in the synthesis of 2D nitride MXenes, the use of acidic solution is
not sufficient for an effective etching process due to the high formation energy of
Tin 1N, and the strong binding of Al atoms to nitride atoms in Tiy. AIN, MAX
phase [21, 22]. Therefore, another advanced method, the molten salt method, is
used by applying a very high temperature for etching. In 2016, Urbankowski et al.
synthesized the first TigN3Tx nitride MXene flakes from the TigAIN; MAX phase
using the molten salt method [22]. They applied the method by heating a mixture
of LiF, NaF, and KF fluorinated salts containing the MAX phase to 550 °C in an Ar
atmosphere. As a result of selective etching, it was observed that bonds terminated
with F groups were formed and Al atoms were removed from the structure. In order
to obtain single-layered flakes from the multi-layered Ti4N3;Tx MXene structure
and to eliminate the contamination caused by unetched MAX phases, the MXene
structure was immersed in tetrabutylammonium hydroxide (TBAOH) solution and
then 2D MXene flakes were obtained by breaking the weak bonds between TiyNj3
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layers via sonication. Following that, washing process with deionized water was used
to remove TBAOH residues and the synthesized 2D MXene flakes were collected
by centrifugation. In addition, according to the DFT calculations, the probability of
formation of bonds terminated with the —O group in TigsN3 Ty structure was found to
be considerably high compared to the —F and —OH groups. Further, it was observed
that bare Tiy N3 layers that do not terminate with any group have the highest density
of states.

Li et al. investigated in detail the mechanism of the molten salt method and
succeeded in obtaining different multilayer MXenes using various Cl-based molten
salts from many different MAX structures [23]. Accordingly, to synthesize TizC,Cl,
multilayer MXene, the TizSiC, MAX precursor was immersed in CuCl, molten
salt at 750 °C (Fig. 2.4a—d). High temperature molten salt provides more active
etching of the MAX phase. During the etching process, Si cations that are weakly
bonded to Ti atoms combine with C1~ anions to form SiCly compounds, while Cu?*
cations and some CI~ anions bind to Ti atoms in Ti3C; layers to form the Ti;C,Cl,/
Cu multilayer MXene. The multilayer MXene is then dipped in ammonium persul-
fate (APS) solution to remove Cu atoms and other impurities. However, during the
APS process, the —O functional group is attached to Ti atoms instead of the Cu
atoms removed from the multilayer MXene. Also, multilayer structures of Ti,CTy,
Ti3C, Ty, TisCNTy, NbyCTy, TapCTy, TipCTy, TisC,Tx MXene were synthesized
using Tip AlC, Tiz AlC,, Tis AICN, Nb, AlC, Ta, AlC, Ti,ZnC, TizZnC, MAX phases
and CdCl,, FeCl,, CoCl,, CuCl,, AgCl, NiCl, molten salts (Fig. 2.4e—j). In addition,
the fact that it is very difficult to synthesize Ta,CTyx and Ti;C, Tx multilayer MXenes
using Ta, AlC and Ti3SiC, MAX phases show how effective the molten salt etching
method is. They also succeeded in synthesizing Ti;C,Tx multilayer MXene using
CuBr, and Cul molten salts and functionalized the surface of MXene structures as
a result of different anion groups attached to the surface of the MXene layers. In
another study, Li et al. synthesized 2D Ti;C,Cl, and Ti,CCl, MXene flakes using
ZnCl, molten salt solution and novel Ti;ZnC,, Ti,ZnC, Ti,ZnN, and V,ZnC MAX
phases [24]. The etching process was carried out by heating the prepared MAX/
ZnCl, mixture to 550 °C in Ar gas environment. During etching, the weakly bound
Zn atoms in the MAX phase dissolve in the ZnCl, molten salt solution, while the
C1 atoms bond between the Ti3;C, layers. Then, ZnCl, residues were removed by
washing with deionized water.

In the molten salt method, an extra cleaning process is required to remove the
remaining contaminations from the structure after the reaction. To prevent this and
control surface modification, Shen et al. developed the molten salt-assisted electro-
chemical etching method (MSE) [25] (Fig. 2.4k-1). Accordingly, there is a nickel
cathode in the cuvette containing the LiCl/KCIl molten salt mixture, and the Tiz AlC,
(or Ti3SiC,) MAX phase is used as the anode and immersed in the solution. In the
process carried out in the Ar gas environment, the solution was heated to 450 °C
and a voltage of 2 V was applied. Due to the thermochemical effect, Al atoms in
the MAX phase were oxidized and formed the AICl; compound, which evaporated
at high temperature. At the same time, some —Cl anion groups were attached to the
site of the etched A atoms, resulting in the formation of bonds terminating with the
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Fig. 2.4 a—d Schematic illustration of obtaining Ti3C>Tx MXene flakes as a result of the reactions
of Ti3SiCy; MAX phase immersed in CuCl, molten salt solution heated to 750 °C and washed with
ammonium persulfate (APS) solution. e—=j SEM images of various MXene flakes synthesized using
different molten salts or MAX phases (Scale Bar: 2 pwm) [23]. k Schematic representation of the
effect of the MSE method on the MAX phase shows the surface terminations of the synthesized
MXene flakes. 1 SEM image of MXene flakes synthesized using the MSE method. Adapted with
permission from [25]. Copyright (2021), Copyright: The Authors, some rights reserved; exclusive
licensee [John Wiley and Sons]. Distributed under a Creative Commons Attribution License 4.0
(CC BY) https://creativecommons.org/licenses/by/4.0/

—Cl group. In addition, Li/K cations are kept away from the MXene structure by
being coated on the cathode due to the electrochemical effect. As a result, Ti3C,Cl,
MXene flakes were synthesized without any contamination. To control the surface
modification, the reaction was carried out under the same conditions by adding LiO,
(or Li,S) salt additive to the molten salt solution containing the synthesized TizC,Cl,
MXene flakes.

Thus, depending on the type of additive salt used, bonds terminating with —O
or —S group instead of —Cl group could be obtained, and it was observed that the
surface modification property could be controlled. In addition, it has been observed
that the molten salt solution used during the process can be used repeatedly, and it has
been reported that the MSE process is an environmentally friendly and sustainable
method.

2.2.1.4 Electrochemical Etching

Electrochemical etching is another method that does not use highly toxic chemicals
and is used to synthesize 2D MXenes in a shorter time and quite simply [3]. In 2013,
Sun et al. synthesized layered 2D Ti, CTx MXene structures from Ti; AIC MAX phase
for the first time by electrochemical etching using an HCI electrolyte solution [26]
(Fig. 2.5a). Accordingly, while Ti, AIC was used as the working (anode) electrode
in the HCI electrolyte solution, Pt foil was used as the counter (cathode) electrode.
Due to the electrochemical effect created by the applied electrical force, the bonds
between Ti and Al atoms are broken and —Cl, —O, —OH groups are bonded instead
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Fig. 2.5 a Schematic representation of the electrochemical etching process used to synthesize the
2D TipC<Tx MXene flakes and the products formed according to the steps [26]. b—k Analysis of the
electrochemical etching mechanism of the Tiz AIC; MAX phase using DFT calculations. Adapted
with permission from [27]. Copyright (2018), Copyright: The Authors, some rights reserved; exclu-
sive licensee [John Wiley and Sons]. Distributed under a Creative Commons Attribution License
4.0 (CC BY) https://creativecommons.org/licenses/by/4.0/

of Al atoms. It has been observed that phase differences occur on the surfaces of the
MAX structures during the reaction. Since the surface of the MAX structures was
etched stronger than the inner regions, it was observed that not only the A atoms were
eliminated but also the Ti atoms were etched and the carbon-derived carbide (CDC)
phase was formed. It was also observed that increasing the etching time, applied
voltage, or the concentration of the HCI solvent in the electrolyte solution increased
the CDC ratio. A sonication bath with deionized water was used to remove the CDC
layer after etching and layered 2D MXene structures were obtained.

Yang et al. succeeded in synthesizing single-layer TiC, MXene flakes by elec-
trochemical etching method using a solvent mixture of NH4Cl and TMAOH as an
electrolyte solution [27]. The electrochemical etching mechanism was investigated
in more detail by DFT calculations. When the Ti; AIC, MAX phase used as the elec-
trode is loaded with a positive charge, the Cl ions in the solution move towards the
surface of the MAX phase (Fig. 2.5b—c). The number of Cl ions bound to Ti atoms on
the surface of the MAX phase increases with time and the distance between the Ti;C,
layers increases (Fig. 2.5d—g). The resulting Al atoms form an AlCl; compound with
Cl ions and move away from the MAX structure (Fig. 2.5h—i). Instead of Al atoms,
OH anions with an ionic radius smaller than the distance between the layers are
bonded between the Ti;C, layers (Fig. 2.5j-k). At the same time, NH** and TMA*
cations are collected on the other electrode. Furthermore, electrolyte solutions such
as H,SO4, HNO3, NaOH, FeCl; were used as well as NH4Cl for comparison in the
electrochemical etching process. Accordingly, it has been observed that electrolyte
solutions containing C1~ anion groups are more effective for electrochemical etching
due to the effective bonding of Al atoms and C1~ ions. Delamination with TMAOH
solution is used to obtain single-layer TiC, MXene flakes from the multi-layered
TizC,Tx MXene structure obtained after etching. TMA™* cations are weakly bonded
between Ti3;C, layers, while the OH anion group is attached to dangling bonds on the


https://creativecommons.org/licenses/by/4.0/

2 Strategies to Prepare 2D MXenes 29

surfaces of T3C; layers. Single-layer Ti;C, MXene flakes were obtained by mechan-
ically breaking the weak bonds between the layers as a result of continuous stirring.
The dimensions of the flakes collected by centrifugation go up to about 18 pwm and
their average size is 2.4 pm.

Additionally, Pang et al. were able to synthesize Ti;CTy, Cr,CTy, and V,CTy
MXene plates using the thermal-assisted electrochemical etching method and
develop a universal method for the synthesis of many different MXenes [28]. They
used composite Ti; AIC-CB/CFC electrode consisting of carbon black additive (CB)
and carbon fiber cloth (CFC) to increase the efficiency of the electrochemical etching
method. The composite electrode shows low Warburg resistance, causes increased
ion diffusion to the electrode surface, and increases the efficiency of reactions in
the electrochemical etching process. In addition, it was observed that the efficiency
of the delamination process increased and Ti3CTy structures with rougher surfaces
were obtained when the solution temperature was increased from 25 to 50 °C during
the electrochemical etching process and with the applied voltage of 0.3 V. Further-
more, laminar Ti;CTy MXene structures were observed when the etching time was
increased from 3 to 9 h. In the case of the more difficultly synthesized Cr,CTx and
V,CTx MXenes, higher voltages of 1 V and 0.5 V were applied, respectively, for 9 h
etching at 50 °C. The lateral size of the synthesized multilayer Cr,CTy plates is up
to 25 wm, while the lateral sizes of the multilayer Ti,CTy and V,CTx MXene plates
are greater than 1 pm.

2.2.2 Other Advanced Top-Down Methods

Besides the most commonly used methods described above, interesting methods
such as halogen etching, thermal reduction, UV-induced selective etching, algae
extraction, and ball milling are also used to synthesize high-quality 2D MXenes.
Jawaid et al. succeeded in obtaining the MXene phase by using halogen (I, Br;) and
interhalogen compounds (IBr, ICI) to etch A atoms from the MAX phase at room
temperature [29] (Fig. 2.6a). Accordingly, as a result of the significant increase in the
activity of I, Br, halogens in high dielectric solvents (such as acetonitrile), TiBry
structures are formed as a result of the loss of selectivity due to the etching of the X
layer as well as the A layer in the MAX phase. Therefore, nonpolar solvents such as
cyclohexane (CH) are used to increase selectivity. In addition, the formation of more
reactive by-products on the surface with the increase of Br, concentration in the solu-
tion reduces the efficiency of the etching process, while lowering the concentration
value decreases the etching rate since it cannot be adsorbed on the MAX surface
sufficiently. Tetrabutylammonium halides (TBAX™; X; F~, C1~, Br™) are used to
disperse the synthesized Ti3C,Tx MXene flakes. In interhalogen compounds, the
halogen atom with higher electronegativity participates in the etching process. Since
interhalogens are stable in low dielectric organic solutions, MXene flakes can be
synthesized using solvents such as tetrahydrofuran (THF), acetonitrile, chloroform.
In addition, it has been stated that halogen etching method can be used to obtain
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Fig. 2.6 a Schematic view and experimental images of the halogen etching process [29]. b AFM
images show dissolution and reduction in the thickness of MXene flakes exposed to water over
time; initial, 1 week, and 2 weeks, respectively. Adapted with permission from [30]. Copyright
(2021), Copyright: The Authors, some rights reserved; exclusive licensee [John Wiley and Sons].
Distributed under a Creative Commons Attribution License 4.0 (CC BY) https://creativecommons.
org/licenses/by/4.0/. ¢ SEM images show the transformation in the structure of the MAX phase at
different temperatures (Scale bar: 1 pm). Adapted with permission from [31]. Copyright (2020),
Copyright: The Authors, some rights reserved; exclusive licensee [Elsevier]. Distributed under a
Creative Commons Attribution License 4.0 (CC BY) https://creativecommons.org/licenses/by/4.0/.
d Schematic illustration showing the synthesis of few-layered MXene flakes using DMSO solvent
by the HEBM method [34]

MXene structures from Cr, AIC and V,AlC MAX phases as well as Ti, AIC MAX
phase by using halogen etching method.

Furthermore, Shi et al. synthesized TizC,Tx (Tx = O™, OH™) MXene sheets from
the MAX phase by etching with halogen (I;) in anhydrous acetonitrile and delam-
ination with HCI solvent [30]. Since some All; by-product remained as impurity
between Ti3;C, Ty layers after etching, it was immersed into HCI solution to remove
the impurity, and delamination was performed at the same time. In addition, it was
observed that the performance increased proportionally with the increase in tempera-
ture, and the Al concentration decreased from 16.7 to 0.9 wt% when the temperature
was increased from room temperature to 100 °C. The thickness of the oxygen-rich
Ti;C, Ty sheets synthesized by the I, halogen etching process is mostly a few layers
and their lateral sizes are 1.8 pum. It has also been observed that MXene sheets have
a high stability value for up to 2 weeks without decomposition in water due to the
non-aqueous etching process (Fig. 2.6b).

In another study, Mei et al. synthesized multilayer Ti,C MXene flakes from
Ti,SC MAX phase using a very simple, environmentally friendly, and easy-to-control
thermal reduction method [31]. Accordingly, the Ti,SC MAX phase is placed in a
sealed tube furnace with Ar/H gas flow by a quartz boat, and the temperature is
increased from 400 to 800 °C with a heating rate of 10 °C/min, and multi-layered
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2D Ti,C MXene flakes are synthesized in 2—4 h. The most important part of the
thermal reduction method is to find the appropriate temperature value (Fig. 2.6¢). It
was observed that, when the temperature exceeded 500 °C, the S atoms in the MAX
phase began to etch, and Ti,C, MXene flakes and TiO, particles were formed at
800 °C. It has also been reported that MXene flakes return to the MAX phase when
the temperature reaches 900 °C. However, it was noted that more S atoms were etched
than MXene flakes left at 800 °C for 30 min and then at 900 °C for 30 min.

In another approach, Mei et al. succeeded in synthesizing mesoporous 2D Mo,C
plate-like structures using UV-induced selective etching from the ultraviolet (UV)
wavelength-sensitive Mo,Ga,C MAX phase [32]. With this method, it has been
shown that 2D MXene structures can be easily synthesized with UV-sensitive MAX
phases in a very short time, within a few hours, without the use of any dangerous
acidic chemicals. Accordingly, Ga atoms in the Mo,Ga,C MAX phase are etched
under UV irradiation due to strong UV absorption. Etched Mo,C MXene plates
were delaminated using H3 PO, solvent. The synthesized few layered Mo,C MXene
plates have a graphene-like structure, and interestingly, the plates have mesoporous
structures with a pore size in the 2—16 nm range. In addition, due to the solvent used
in the delamination process, they have bonds that terminate with the —O group.

In addition to these studies, Zada et al. succeeded in synthesizing V,C MXene
nanoflakes for use as photothermal agents in photothermal therapy applications from
the V, AIC MAX phase using the algae extraction method [33]. Al atoms in the V,AIC
MAX phase are etched with an algae extraction mixture containing organic acids.
Moreover, many biological compounds intercalate between the V,C layers during
the etching process and also accelerate the delamination process. The few-layer V,C
MXene nanoplates, synthesized after 48 h, have lateral sizes in the range of 50—
100 nm. In addition, it was observed that MXene nanoplates with smaller lateral size
and thinner thickness were synthesized with increasing etching and delamination
times. Thus, a very low cost, completely environmentally friendly, simple and easy-
to-control method has been developed.

In addition, Wu et al. used high energetic ball milling (HEBM) method in the
exfloation process to obtain few-layer 2D Ti3C,Tx nanoplates from multilayered
Ti;C, Tx MXene particles [34]. Accordingly, DMSO solvent was used in the HEBM
method to prevent oxidation of MXene particles during the process and for an effec-
tive intercalation (Fig. 2.6d). MXene nanoplates were obtained by breaking the weak
bonds between TizC, Ty layers due to the mechanical force applied by ball milling
method. In addition, when the ball milling method is applied without using DMSO
solvent, it was observed that the MXene structure turned into TiO, and graphitic
carbon structures. Further, it has been reported that multilayer MXene structures
exist when different solvents such as DMF, ethanol, HF are used and the delam-
ination process is not as efficient as when DMSO is used. In another study, He
et al. used PDDA solution-assisted ball milling (P-BM) method in the delamination
process to obtain functionalized few-layered MXene nanoplates from multilayer
Ti;C,Tx MXene particles [35]. The high viscosity of the PDDA solution prevents
the steel balls from hitting the MXene particles violently and facilitates the exfolia-
tion process by preventing the agglomeration of the newly exfoliated nanoplates. It
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was observed that several-layered TizC,Tx MXene nanoplates thus synthesized had
a surface functionalized with the PDDA group intercalated between Ti3C, layers and
had larger lateral size (hundreds of nm).

2.2.3 Fabrication of 2D MXene Films

Although a wide variety of advanced methods have been developed for the synthesis
of 2D MXene flakes, the development of large-scale, low-cost, and low-toxicity
production methods for high-quality 2D MXene thin films is of great importance.
In 2014, Michael et al. showed that Ti3;C,Tx MXene 2D film can be produced via
the rolling method using etched multilayer MXene particles called clay-like MXene
paste [36] (Fig. 2.7a). In addition, it is stated that printing can be made on the desired
surface by using clay-like MXene paste as ink. It has been also reported that clay-like
MXene paste can be formed into the desired shape when wet and MXene structures
in inch sizes can be obtained after drying. Thus, it has been shown that MXene
structures can be produced easily, quickly, and at large scales (Fig. 2.7b—c). This
opened a new page for producing 2D MXene films via many methods.

Vacuum filtration method was developed by Ling et al. to produce flexible, high
electrical conductive 2D MXene films [37]. Accordingly, the suspended solution
containing 2D MXene flakes is filtered with the help of vacuum pump, and a 2D
film with a thickness of 13 wm is obtained, consisting of thousands of MXene flakes
stacked on the filter. Moreover, the film thickness could be easily controlled by
adjusting the volume of solution used, and 2D MXene films with thicknesses less
than 1 pm could be produced. Thus, it has been shown that MXene 2D films with
high electrical conductivity, high flexibility, and low density can be produced with
a facile and cost-effective method. In another study, Kim et al. synthesized inch-
size Mo-based MXene 2D films such as Mo,CTx, Mo, TiC, Ty, and Mo, TiC3Tx by
vacuum filtration method [38]. Moreover, the electrical properties of the 2D MXene
film at different temperatures were investigated, and it was observed that the electrical
properties of the thermally treated (800 K) films were improved. It has been stated
that the reason for this is that the MXene flakes become very close to each other
as a result of the evaporation of the intercalation compounds between the MXene
layers and the functional groups on the surfaces at temperatures above 500 K. Thus, it
was observed that Mo, TiCTx MXene 2D films thermally treated at 800 K have high
electrical conductivity (1380 S/cm), large Seebeck coefficient (—47.3 wV/K) and high
thermoelectric power (3.09 x 104 W m~! K~2). Furthermore, Shuck et al. carried out
large-scale production using a specially designed vacuum filtration-assisted reactor
to synthesize 2D Ti3C,Tx MXene structures in different batch sizes (1 and 50 g),
showing that large-scale production did not alter the properties of MXene [39].

In addition, Dillon et al. produced inch-sized MXene 2D films of different thick-
nesses on the substrate surface by spin-coating method using a colloidal solution
containing single/few layer Ti3C,Tx MXene plates [40] (Fig. 2.7d—f). The thick-
ness of TizC,Tx MXene 2D film was changed between 2 and 81 nm to examine
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Fig. 2.7 a Schematic representation of clay-like Ti3C,Tx MXene paste making and various uses.
b Plate produced using clay-like MXene paste (left) swells and shrinks (left) during the drying
process (top cross-section views). ¢ The inch-size MXene film obtained after the rolling process
[36]. SEM images of d lateral area (Scale bar: 500 nm) and e top surface area (Scale Bar: 1 um) of
MXene thin films produced by spin coating. f Image of MXene thin film coated on a flexible substrate
(polyetherimide polymer). Adapted with permission from [40]. Copyright (2016), Copyright: The
Authors, some rights reserved; exclusive licensee [John Wiley and Sons]. Distributed under a
Creative Commons Attribution License 4.0 (CC BY) https://creativecommons.org/licenses/by/4.0/.
g Schematic representation of the blade coating method. h Image of Ti3C,Tx MXene thin film
with a length of 1 m, a width of 10 cm, and a thickness of 940 nm, coated on Celgrad membrane
by blade coating method. i Digital photograph showing thin film carrying 40 g in durability test.
Jj Cross-sectional SEM image showing MXene flakes lined up in a highly coherent array. k SEM
image showing that a 62.5 pm radius fold was formed by 180° bending of the thin film. 1 Low-
magnification and m high-magnification SEM images show the formation of folds with extremely
small radius down to 1.3 wm. Adapted with permission from [42]. Copyright (2020), Copyright:
The Authors, some rights reserved; exclusive licensee [John Wiley and Sons]. Distributed under a
Creative Commons Attribution License 4.0 (CC BY) https://creativecommons.org/licenses/by/4.0/

the relationship between thickness and electrical conductivity. It was observed that
the electrical properties did not change with the increase in thickness, since few-
layered film with a thickness of 2 nm showed bulk conductivity. It has also been
reported that the inch size Tiz;C, Ty MXene 2D film has very high electrical conduc-
tivity (6500 £ 800 S/cm). Further, Hantanasirisakul et al. produced a 70 nm thick
transparent Ti;C,Tx MXene 2D film on a glass substrate by spray coating method
using a suspended solution [41]. Also, Zhang et al. used blade coating method with
few-layered Ti3C, Ty MXene flakes to obtain high-quality 2D MXene film with high
electrical conductivity and high mechanical strength [42]. Accordingly, since MXene
flakes with a large area and thin thickness have a high aspect ratio, large flakes are
dispersed in the solution. Large flakes dispersed in solution have been reported to
self-assemble and form agglomerates. Also, the viscosity of the solution decreased
when shear stress was applied to the gel-like solution. Thus, it was observed that
the large flakes dispersed in the solution aligned very easily in a certain pattern in
the direction of the shear stress applied by the blade (Fig. 2.7g). Therefore, several
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meters long and 940 nm thick 2D Ti3;C,Tx MXene film was synthesized with excel-
lent electrical conductivity (15,100 S/cm), outstanding tensile strength (570 MPa),
a record among thin films, and high Young modulus (20.6 GPa) (Fig. 2.7h—j). It has
also been observed that the produced 2D MXene thin film has very high flexibility
and high stability as a result of many repeated bending processes. The produced 2D
MXene thin film was reported to retain its stability even after repeated 5000 times
bending at 180° angle, a 62.5 wm radius curl is formed as a result of bending, and the
large flakes are able to be compressed to form fold with an extremely small radius
of 1.3 pm (Fig. 2.7k—m).

2.3 Bottom-Up Methods

The bottom-up synthesis method is applied to fabricate precise MXene structures by
increasing the controllability of the growth parameters. Also, this approach provides
a clean and acid reaction-free situation without using any functional group. One
of the most important members of this approach is the well-known chemical vapor
deposition (CVD) process.

2.3.1 Chemical Vapor Deposition Method

The CVD process has proven to be a reliable, inexpensive, and flexible method for
growing two-dimensional structures such as nanotubes, nanofibers, graphene, and
MXene. This method offers efficient uniformity due to more controllable param-
eters compared to other alternatives [43]. Compared to the top-down approaches,
CVD-MXene offers fewer structural impurities and lower levels of defects and
atomic disorder. Furthermore, the instability of MXenes synthesized via top-down
techniques under atmospheric conditions limits their widespread application. The
bottom-up approach described here involves exposing a reactive substrate to volatile
precursors via the heated reaction chamber to affect chemical reactions and deposition
on the surface. As a result, this approach has been used extensively in the prepara-
tion of carbide, nitride, and silicon-based compounds [44]. The synthesis strategies
influence the controlled growth process of the MXene structure and its inherent
features. With the emergence of novel MXene structures and specifications such as
Mo, C, W,C, WC, TaC, or NbC, the emergence of a new approach towards bottom-up
synthesis extends MXene capability to more sensitive applications. CVD is a well-
established key process in the bottom-up approach. As a result, the significance of
CVD in MXene synthesis is well understood [45] but still needs to be improved and
optimized. A single-step CVD process with controllable parameters allows precise
fine-tuning of each feature to achieve the required thickness, morphology, grain
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size, and 2D structure quality [46]. In addition, the CVD technique exhibits supe-
rior controllability over the thickness and size of MXene structures, facilitating the
synthesis of extended lateral heterostructures of graphene and MXene [47].

The synthesis method of 2D MXene crystals influences grain boundaries, imper-
fections, crystal structure, and thickness. Furthermore, the shape formation regime
is a major consequence of chemical stability, and the electrical conductivity of
the MXene family is thickness-dependent [48]. Consequently, tight control of the
growth process is essential to obtain the relevant properties that CVD offers for
future MXene-based applications. Chemical reactions at high temperatures also
generate vertical van der Waals band heterostructures, which are crucial for the
specific properties of MXene. The CVD approach could also produce an MXene/
graphene heterostructure in multiple steps using different gases at different thermal
conditions. Cooling duration can also be adjusted as a critical parameter to control
flake growth rate. Some CVD furnaces with an upstream heating zone provide some
fixed chemical combinations for precursors [49]. Numerous complex factors need to
be considered, including effective optimization of the synthesis process and conse-
quent mass production of the MXene structure, which is still debated by researchers.
In general, the MXene growth compound consists of stacked metal foils positioned in
a quartz tube. Because of their higher potential for atomic surface mobility and reac-
tion within the molten metal, the dominant transition metals used to control MXene
production are preferably selected from the third through sixth periodic table element
groups. The tube is closed on both sides and coupled with a gas control system and a
mechanical vacuum pump as a pressure optimizer. In order to prevent the air pollution
in the early stage, the vacuum pump is linked with the air exhaust system. The tube
is preheated by the furnace after being filled with the appropriate carrier gas ratio
and then the temperature rises to the set-point. In general, the temperature reported
is the melting point of the catalyst or a temperature in the range of the needed values
for MXene formation. The temperature stabilization performance also has an impact
on the quality of the final product. Mo,C is one of the most studied MXene struc-
tures, specifically by CVD where stacked Mo/Cu foils are used as a precursor and
a catalyzer, respectively. Above 1085 °C, copper foil becomes liquid and covers the
Mo foil completely. The temperature limits of reaction activation are typically near
the melting point of the catalyst and the recrystallization temperature of the tran-
sition metal. The process ends with the deactivation of the furnace, which moves
the sample out of the hot zone and cools it down in the accompanying gas flow.
According to the latest study results, at least 800 °C is required for the develop-
ment of carbon-based MXene structures [50]. Figure 2.8a—b explains the schemes of
system configuration and growth mechanism of Mo, C in different shapes and single
or multilayer forms under different growth conditions. Figure 2.8c shows the possi-
bility of a structural change with a multi-step CVD operation from Mo,C to MoN,
and Fig. 2.8d illustrates the Mo, C growth inhibition by initial growth of a graphene
layer. In conclusion, since the synthesis of 2D MXene structures with desired and
high optoelectronic properties is of great importance, the important parameters that
can be controlled in the CVD method will be discussed in this section.
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Fig. 2.8 The principles of bottom-up method CVD: a the system configuration [51], b the schematic
of nucleation mechanism, adapted with permission from [52]. Copyright (2021), Copyright: The
Authors, some rights reserved; exclusive licensee [Elsevier]. Distributed under a Creative Commons
Attribution License 4.0 (CC BY) https://creativecommons.org/licenses/by/4.0/, ¢ Multi-step MXene
flakes growing by Mo, C to MoN transformation, adapted with permission from [49]. Copyright
(2022), Copyright: The Authors, some rights reserved; exclusive licensee [Elsevier]. Distributed
under a Creative Commons Attribution License 4.0 (CC BY) https://creativecommons.org/licenses/
by/4.0/, d is the MXene vertical growth rate blocking by initial growth graphene layer, adapted with
permission from [53]. Copyright (2017), Copyright: The Authors, some rights reserved; exclusive
licensee [John Wiley and Sons]. Distributed under a Creative Commons Attribution License 4.0
(CC BY) https://creativecommons.org/licenses/by/4.0/

2.3.1.1 Catalyzer Type and Thickness

Because transition metals such as Mo have high recrystallization temperatures,
surface atoms require much activation energy for atomic transition [54]. The molten
metal catalyst facilitates the diffusion of metal atoms to the gas/liquid interface. The
atoms meet decomposed gas atoms at the liquid interface, resulting in a chemical
reaction. The molten metal is a reactive environment that provides an atomic motion
environment through the applied kinetic energy. Catalytic metals generally have
little ability to perform chemical reactions by purging precursor gases. The kinetic
energy of MXene formation is provided by the high temperature and atomic transi-
tion in molten metal. In addition, it is possible to dissolve gas atoms in molten metal
to achieve deeper penetration and higher vertical growth rates. The early melting
temperatures of the catalyst provide the earliest nucleation points and a general
guideline for the controllable growth of large-scale, high-quality samples. Catalytic
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metals are typically copper, gold, indium, and their alloys. The lower melting point
and hydrogen solubility increase the potential of MXene formation [55-57]. With a
precisely engineered thickness, the catalyst thickness can be a reliable parameter to
enable an affordable method of growing ultrathin 2D materials. So it can demonstrate
the importance of the process by varying the thickness of the catalyst foil on the tran-
sition metal film, which readily diffuses to react with the hydrocarbon gas [58]. In
addition, the applied catalyst thickness causes MXene flakes with a few nanometers
of thickness to grow on the superlattice. The thicker the catalyst, the more crystal-
lographic layers stack up and the more carbon vacancies there are. By modifying
the thickness of the Cu foil, the Mo,C vertical growth range can be varied from
the superlattice to hundreds of nanometers thick. Due to their lower melting points,
alloyed catalysts outperform pure catalytic metal catalysts. Temperature control is
crucial in this process as there are few options for all-metal catalysts. Lowering the
melting point of the catalyst allows for more diffusion of the supported transition
metal towards the liquid interface. The alloyed catalysts are obtained to lower the
growth temperature of MXene crystals. Several alloyed catalysts such as Ag-Cu
and In-Cu alloys could be used for Mo, C synthesis at temperatures below 1000 °C
[55, 56]. By increasing the Sn content, Sn-Cu alloyed catalysts show higher carbon
absorption than pure copper. The viscosity of the liquid Sn-Cu alloy is an important
factor in reducing the resistance of the liquid to atomic movement and enabling faster
diffusion of Mo. The density of MXene nucleation inversely increases with growth
temperature, which has a non-linear effect on the viscosity of the alloyed catalyst.
Accordingly, an optimal growth temperature is required to provide growth kinetics.
As aforementioned, the growth temperatures can be reduced to 880 °C, with similar
growth rates for pure Cu above 1085 °C [55].

2.3.1.2 Ratio of the Gases

The crystal morphology and flake thickness could be controlled by changing growth
parameters such as the CH4:H, gas combination ratio [56]. Injected gases are clas-
sified into two types: carriers and precursors. Carbides and nitrides are the two most
important groups of transition metal compounds. According to research, the forma-
tion of carbide MXenes by catalytic metals is easier than that of the nitride group
due to undesirable nitride compositions. Methane (CH4) or ammonia (NH3) flows
into the quartz chamber as carbon and nitrogen sources during CVD operation [59].
As previously stated, the most researched CVD-grown MXenes are transition metal
carbides such as Mo,C, W,C, WC, TaC, and NbC, but binary nitrides such as Co3N,
WN, FesN, CrN, and VN have less relevance in CVD products. Because exothermic
reactions of nitride composition demand less energy for catalytic activity, N, is
a superior candidate for Ta,C, TayN, Ti,C, and Ti;N production than Mo,C and
W,C [59]. M4 G, is the most prevalent chemical composition for carbides, while
M1 N, is the chemical composition for nitrides. The functional groups (precursor
gases) breakdown by interaction with the mass flow of hydrogen and/or nitrogen.
The gas integration ratio is an important parameter in controlling lateral or vertical
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flake development as well as surface coverage. In the following, the carbide phase
will be discussed more than the nitride phase.

2.3.1.3 CH, Flow Rate

The major process of crystal development on the crystal face is 2D nucleation due
to carbon supersaturation. As a result, increasing the flow rate of carbon allows
crystallographic faces with distinct crystal morphologies to vary, with the resultant
flake forms shifting from triangle to polyhedron as the carbon precursor is increased
[58]. Due to the extended rapid extension of graphene structure at low methane flow
rates, graphene domains appear to dominate on the surface of molten metal. Graphene
prevents the interfacial diffusion of Mo atoms and passivates the Mo interaction with
the gaseous hydrocarbon. When the flow rate of CH, increases significantly to reach
the surface saturation limits, Mo atoms diffuse along the liquid-metal interface and
react with the hydrocarbon molecules, resulting in the formation of Mo,C crystals
based on the first nucleated graphene. Researchers demonstrate a wide range of
methane flow rate utilization ranging from 0.3 to 25 sccm. Different flow rates support
the formation of flakes ranging from triangular to polyhedral as the methane flow rate
increases. In addition, methane decomposition increases with operating temperature,
leading to carbon saturation [48, 53]. The methane flow rate is a critical factor in
regulating the formation of the graphene/MXene heterostructure. The data supported
the idea that crystal morphologies and crystallographic structures may be reformed by
modifying the flow rate to the supersaturation of the precursors. Due to limited carbon
diffusion, the initial Mo,C nucleus gradually expands into a variety of different
shaped flakes with low carbon content [58, 60, 61] Fig. 2.9a—c shows the diversity of
MXene flakes formation at different CH4 fluxes and carbon concentrations. Lower
than 1 sccm methane ratio results in cubic-shaped flake, and with increasing flow
rate the shapes begin to expand in star shape, and finally changing to hexagonal type
above 5 sccm methane.

2.3.1.4 Carrier Gas Flow Rate

Hydrogen flow as a carrier gas causes lateral growth by decreasing nucleation density
and increasing MXene flake domains. Hydrogen atoms interact preferentially with
methane and dehydrogenate at high temperatures, which increases the proportion of
carbon in the reaction tube. Due to the rapid deposition of graphene on the metal cata-
lyst surface, the low fraction of H, flow rate inhibits growth of MXene single crystals.
As aresult, graphene structure predominates in the MXene/graphene heterostructure
[48]. Meanwhile, in a hot atmosphere, hydrogen acts as a corrosive agent, resulting
in negative consequences on the obtained compounds. Therefore, an optimal H,
flow rate is required to achieve the desired structure [62]. Figure 2.9d—f shows the
changes in flake growth and morphologies at a constant methane flow rate of 5 sccm
by increasing the H, from 80 to 120 sccm at 1200 °C. The images show the direct
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Fig. 2.9 MXene flake by changing the precursor flow rate; a under 1 sccm CHy, b between 1 and
5 sccm CHy, ¢ above 5 sccm CHy (Scale Bar: 5 wm) [51], and d 80 sccm Hp, e 100 sccm Hp
f 120 sccm Hy (Scale Bar: 10 pwm). g Real state micro-Raman peaks of Mo,C and h graphene
micro-Raman peaks in context and i the calculated Mo, C peaks [51]

effect of hydrogen flux on the lateral growth of flakes and eroded copper exposed to
high hydrogen flows.

2.3.1.5 Operation Temperature

The dissolution of precursor atoms within the molten catalyst plays an important
role in atomic diffusion and reaction with accumulated transition metal atoms. In
addition, increasing the growth temperature promotes gas dissolution in the liquid
metal. Melting point and viscosity in the molten state are the most important factors
in varying metal catalyst type [56]. The increased wettability of the metal catalyst is
beneficial for increasing flake coverage, but the high viscosity is disadvantageous for
the MXene growth process. The lower melting point of some metallic catalysts, such
as Au and In, affects their catalytic ability and determines the growth temperature
of MXenes. It is evident that increasing the process temperature causes more metal
diffusion due to increased atomic mobility. In addition, higher temperature (above
the melting point of the catalyst metal) promotes the diffusion of transition metal
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atoms into the solid/liquid interface, increasing the probability of forming a carbide/
nitride heterostructure [56, 57].

Additionally, the surface energy of the molten metal increases directly with
temperature, which results in an increase in atomic dispersion and excessive precursor
activity. By applying higher temperatures to the flakes, the vertical growth rate
changed, resulting in large pyramidal growth regions with clearly defined terraces
[61].

2.3.1.6 Growth Time

MXene structures, which are grown at different process durations, form in isolated
flake structures and they are transformed into continuous films when the duration
is increased. However, the prolonged deposition process allows more Mo atoms to
enter the first-grown graphene domains and combine through interfacial diffusion to
Mo, C with hydrocarbon interaction. Typically, hexagonal Mo, C flakes with a lateral
range of about 50 pm appear after 30 min and expand to 100 pm after 60 min [53].
Figure 2.9g-1 provides that the formation of graphene in context is almost inevitable
due to the gradual temperature change.

CVD offers simplicity and diverse development opportunities as a bottom-up
approach by tuning multiple parameters for the synthesis of 2D MXene structures
with high potential for use in a wide variety of future electronic and optoelectronic
applications. However, it is still challenging to obtain large-area and high-quality 2D
MXene crystals with controlled thicknesses. The combination of multiple purified
precursors and temperature ranges results in a scalable MXene synthesis with tunable
thicknesses and excellent physical and chemical properties. Temperature and gas flow
rate are among the most studied process parameters for CVD growth of 2D MXene
crystals. But catalytic metals formed in shots (In, Ga) or as foils (Cu, Au) are placed
on the surface of source transition metals, where such studies show the importance
of the catalyzers for controllable MXene formation. In all situations, the thickness
of the 2D MXene flakes decreases with increasing catalyst thickness. In addition,
increasing the reaction time by choosing a lower melting point catalyst reduces the
vertical growth rate.

2.3.2 Other Bottom-Up Methods to Produce 2D MXene

Bottom-up approaches are not limited to CVD where self-assembly, plasma-
enhanced pulsed laser deposition (PEPLD), and template-assisted growth are also
possible strategies to obtain 2D MXene structures [3]. Transition metal carbides
(TMCs) and nitrides (TMNs) mainly consist of the crystalline structures of their
bulk counterparts and the bottom-up ultrathin synthesis strategies are able to control
their superior properties, in general avoiding functional groups. For example, as
fabricated 2D MXene structures, the Mo, C crystals show three crystalline structures
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including hexagonal (8), orthorhombic (&), and cubic phase allotropes. Occupying
carbon atoms within the Mo interstitial octahedrons is a factor responsible for the
phase variation. The PEPLD method is highly reliable to control the crystal structure
and obtain multiphase allotropes [63].

A further advantage of interfacial self-assembly is that it allows high-performance
composites to be organized into hierarchically ordered structures, for example, drug
delivery, magnetic materials, or energy storage—without the risk of oxidation of
MXene layers. The MXene sandwich composite structures such as Co-NiS/MXene
nanosheets and nanorods constructed by self-assembly include hydrogen bonds
within the structure and show good electrochemical performance for lithium and
sodium ion storage [64].

The template-assisted growth approach essentially uses a metallic framework
that could be removed by chemical etching to obtain a free-standing 3D MXene
architecture. This method offers the possibility to generate macroscopic 3D MXene
structures with high gravimetric capacity. This also allows the hydrophilicity of
MXene to be tuned by exchanging H" with a cationic surfactant. In addition, the
template-assisted growth MXene/binder polymerization leads to the formation of a
porous monolithic cell structure [65]. Obviously, the main purpose of all bottom-
up approaches is precise growth control of structure formation, and the resulting
composition is a direct function of the synchronization of several growth parameters.
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Chapter 3 ®)
Properties of MXene e

Shanli Nezami, Farzad Moazami, Maryam Helmi, Alireza Hemmati,
and Ahad Ghaemi

3.1 Introduction

MXene is a group of two-dimensional materials of intermediate metal carbides and
nitrides, which are the newest and most famous two-dimensional materials. In 2011,
the first sample of MXene was produced and identified by selective extraction of
layered crystal structures. MXene is derived from the selective removal of “A” from
the MAX phase, which is added to the end of its name to emphasize its family with
two-dimensional graphene materials [1]. MAX phase is a large family of ternary
nitrides and carbides with the chemical formula M, AX;, (n =1, 2, 3) and a hexag-
onal layered structure (M, AX, M3AX, or MyAXj, etc.). In this chemical formula,
“A” represents an intermediary metal more than groups 13 and 14 of the periodic
table, “X” is nitrogen, carbon, or both. So far, about 70 different MXene have been
made experimentally. But theoretically, the structure and characteristics of dozens of
cases have been predicted. Interestingly, recent research has shown that the surface
of MXene is randomly covered by hydroxyl, oxygen, or fluorine, and the ratio of
each of these compounds or elements is mainly determined by the synthesis method.
Also, the comprehensive chemistry of MXene allows their properties to be suitable
for specific applications such as energy storage, protection against electromagnetic
interference, water, gas, biosensors, lubrication, and catalysis. The high electrical
conductivity of MXene, diverse stacked structures, and controllable surface coat-
ings also provide an attractive path for modifying material structure, properties, and
sensing performance [1-4]. Figure 3.1 presents the initial reports of the structure of
non-polar MXene.

The structure of MXene is a closed structure like the main MAX phase, where
X atoms are placed in the octahedral interstitial positions. MXene has a hexagonal
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(a) MAX phase

HF treatment‘

HF treated MAX phase

Sonication ‘

MXene sheets

Fig. 3.1 a Report of three different MXene structures (inconclusive): MX, M3X, and MsX3.
b SEM images of Ti;AlC, TizAlC;,, and TasAlC3 after washing with HF (from right to left).
¢ Schematic picture of MXene synthesis from MAX stages, The structure of MXenes. Adapted
with permission from [1]. Copyright (2019), American Chemical Society

structure (HCP) in which M atoms are arranged in the ABABAB sequence in M X
and ABCABC in M3C, and M4C3(Similar to the cubic structure). The surface of the
MXene layers is covered with acidic solutions containing fluoride with O~, OH™
and F~ functional groups due to the synthesis and exfoliation of the A layer from
the main MAX phase (Fig. 3.2a). The functional group on the surface of the MXene
layers is determined by “Ty” with the formula M, X, Tx MXene. Computational
methods such as density functional theory (DFT) are used to understand the rela-
tionship between the properties and structure of MXene. These methods provide
thermodynamic information to predict materials’ chemical and physical properties
at the atomic scale. In the computational study of MXene properties, the assumption
of complete coverage of the MXene surface with a specific surface terminal such

~0, OH™ or ~F is usually used. The theoretical calculation study proved that
the structural stability of MXene is related to its surface performance. Thermody-
namically, when the surface is formed, the formation energy decreases. For MXene
Ti, CTy, a Ti,CO; structure fully covered with oxygen is predicted to be more stable
than partially oxygenated structures (Fig. 3.2a, ¢). A DFT study identifies other favor-
able Tx energy positions in Ti3C,Tx. Figure 3.2 shows the three types of structures
of “OH groups in Ti3C,Tx. “OH groups are located above the hollow sites between
the C atoms of structure I. In structure II, this functional group is placed higher than
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the C atom on both sides of the layers. While structure III is a mixed structure of
both structures I and II, in terms of the “OH arrangement, the structural stability
of these structures is estimated by comparing their DFT relative total energy. The
results show that structure I was the most stable structure. While the II structure has
the least stability due to the steric repulsion between the Ty groups and the underlying
C layers [5-9].

In addition, DFT calculations show that F~ functional groups prefer to be in the
hollow places between three C atoms and next to each other, and both OHH and
F~ end groups probably follow the I structure. The ratio of these functional groups
on the surfaces of MXene will depend on the synthesis method and mainly the
type of exfoliating solution. Hope and his colleagues investigated the performance
of the Ti;C,Tx surface using nuclear magnetic resonance (NMR) spectroscopy. In
this investigation, two methods have been used for layering the samples. In the first
method, 50% HF aqueous solution was used, and in the second method, LiF + HCI
solution was used for layer removal. NMR analysis has quantitatively determined
the random H and F surface terminals of TizC,Tx MXene. Figure 3.2d shows that

:!‘... «0OH, -F, - : ‘J
A q—
T A °0
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E MAX phase m E b #
1 Talc Mitans 1 i
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Fig. 3.2 a Schematic of TioCTx MXenes formation from Ti AIC [10]. b different structure layouts
of MXenes surface atoms of: (a) Ti3C;, (b) I-TizC, (OH);, (¢) II-Ti; C(OH),, and (d) III-Tizs C,(OH),
[11]. ¢ The formation energy of the Ti,C model containing 1-8 oxygen atoms as a function of the
chemical potential of oxygen [3]. d The composition of functional groups on the Ti3C, Ty surface
resulting from Ti3 AlC; etching in HF and LiF + HCI solutions [5]. f HAADF STEM images of
deficiency in Ti3C; Tx monolayer. Comparison of experimental images of HAADF-STEM, crystal
structure determined from DFT and simulated HAADF-STEM of VTi [12]. e Two adjacent VTi
in the same substrate, Calculated DOS of OH monolayer Ti3zC,: (a) uncoated, and coated with (b)
Vo Ti, (c) V4Ti, (d) VeTi [13]
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after drying the samples in a vacuum, the proportion of the OH- functional group is
relatively lower than other functional groups O~ and F~. Also, washing the surface
of the samples creates an obvious difference in the stoichiometric ratio of the surface
functional groups of MXenes. In the synthesis with HF, the functional group F~ and
in the synthesis with LiF + HCI, the ratio of the functional group O~ is very high and
a small amount of OH™ and F~ is created on the surface of MXene. In addition, the
type of washing solutions and their concentration also affect the number of injuries. It
is noteworthy that laboratory MXene obtained with surface damage is not structurally
complete. Such defects usually occur during washing with acid are created, affecting
local surface chemistry [9, 14—16].

3.2 MXene Synthesis

Two-dimensional MXenes are synthesized as MAX phase by extracting and selec-
tively exfoliating a large group of intermediate metal carbides and nitrides of the
third group with a layered hexagonal structure. The MAX phase consists of layers of
carbides or nitrides (Mp41X;,) of the intermediate metal, which is mixed with layers
of atoms of element A with the general formula M,,,; AX,,, where M is a metal.

The synthesis of MXene is carried out by selective exfoliation of A layers from
the MAX phase using hydrofluoric acid or a solution containing it, which is the
main method of MXene synthesis. Exfoliation of the A layer occurs due to the weak
M-A bond compared to the bond between the M-X layers and the higher chemical
reactivity of these layers.

Mui1) AIX, 4 3HF = Mup1) X, + AIF; + 1.5H, (3.1)
M1 X, + 2Ha0 = M,41 X, (OH), + Hy (3.2)
Mn+1Xn +2HF = Mn+1XHF2 +H (33)

In reactions 3.1-3.3 above, the typical reaction of the exfoliation process based on
HF solution for the synthesis of MXene is presented. When the HF solution reacts
with the MAX phase powders, hydrogen gas (H;) is produced, which is usually
observed during the experiments. After reaction 3.1, reactions 3.2 and 3.3 occur
simultaneously. After the completion of these reactions, the resulting powders are
multi-layer MXene particles. The exfoliation conditions with HF change with the
atomic bonds of the materials [2, 17-22]. Usually, Ti-containing MXenes need
weaker exfoliation than Cr-, Mo-, Nb-, Ta-, V-, and Zr-containing MXene. For
example, Ti;CTy can be produced with 10 wt% HF in 10 h exfoliation. However,
V,CTy with 50% by weight of HF requires 90 h. After exfoliation, these multi-
layered powders are transformed into multi-layered nanosheets through the ultra-
sonic process disruption of large organic molecules. The prepared MXene is suitable
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for many applications. For example, active reaction sites are suitable and useful
for sensor applications. Liquid exfoliation methods have been widely used to make
layered MXene. Organic molecules, such as dimethyl sulfoxide (DMSO), isopropyl
amine, chloroform, and tetrabutylammonium hydroxide (TBAOH), are converted
into multiple layers of MXene, which increases the distance between the layers and
weakens the interactions between the layers. It becomes M-X. Ultrasonic or mechan-
ical vibration of multi-layer MXene is often used to produce single-layer or low-layer
MXene. It should be noted that for the formation of layered MXene by wet chem-
ical method, their surface is replaced with functional groups such as O-, OH- and
-F groups. Acidic agents containing fluoride such as NH4HF, and LiF + HCI can
also be used instead of etching with HE. Through reaction 4, HF is formed. Then,
reactions 1-3 follow [20, 21].

LiF + HCI = HF + LiCl (3.4)

Acids containing fluoride eliminate the need for dangerous HF and the inter-
mediate process. Because water molecules are transformed simultaneously in the
structure of layers and as a result, layered MXene is easily formed. In this process,
both Li* and NH** ions can be placed in the MXene layers and the distance between
the layers can be expanded. Figure 3.3 shows the schematic of the synthesis and
morphological characteristics of MXene. In short, MAX powders in acid selectively
remove the A layer from their 3D structure [23].

The produced powders have a typical accordion-like morphology with a multi-
layered structure in which organic molecules are converted into a multi-layered

M.AC: powder (precursor)

Etching

Delamination

Fig. 3.3 Synthesis of MXenes. Image and images of MAX structures, multilayer MXenes, and
layered MXenes [23]
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structure to reduce interactions between MXene monolayers. Then, layered MXenes
are dispersed in water by ultrasonication, and single or multilayered MXenes are
separated by filtration. In contrast to the successful synthesis of MXenes from the
wet exfoliation process, MXene layers are often chemically unstable due to prompt
oxidation in the solution. Exfoliation methods must be carefully selected for a specific
MXene compound and its applications. The intrinsic structure and chemical compo-
sition of MXene are derived from transition metals with d orbitals, which show attrac-
tive physical and chemical properties. Two-dimensional MXene has high electrical
conductivity like the MAX phase due to the presence of intermediate metal, carbon
and nitrogen in its structure. However, some MXene exhibits remarkable semicon-
ducting behavior. These materials can be widely used in chemical gas sensors. Chem-
ical synthesis significantly affects the type and number of surface terminals and the
electrical properties of MXene. The surface performance is one of the attractive and
unique features of MXenes, which can be adjusted by the synthesis method.

3.3 Properties of MXenes

The theoretical calculations show that the formation energy of M, X, where X is
carbon or nitrogen, is unchanged in the d orbitals of the intermediate metal (M),
which shows metallic behavior. Most MXenes have p orbitals of carbon or nitrogen
(X) below the d orbitals, which is a small bond separating them. By functionalizing
the surface, new energy bands are created lower than the Fermi energy in which
the p-orbitals of the F~ or O~ terminal are combined with the d-orbitals of the
intermediate metal. Using simulation, it can also be predicted that the two terminals
“F and “OH had a similar effect on the electronic structure at virgin and untouched
MXenes because one electron can be transferred to each of them, while two electrons
can be received with the O~ terminal. Figure .3.4 shows the prediction of the band
structure and the density of states of Ti,C, Ti,CF,, and Ti;CO, in their conversion
to semiconductors because functionalization transfers Fermi energy to the center of
the gap in between It transfers d orbitals from M and p orbitals from X orbit. For
example, the estimated energy gaps for Sc,CTx with F-, OH™, and ~O terminals
change to 1.03, 0.45, and 1.8 eV, respectively.

Apart from surface termination, the structure of electronic and transport properties
of MXenes can be controlled as a function of the number of layers. The electronic
structure and transport properties of M, CO, multilayers (M = Ti, Zr, Hf) were eval-
uated using fundamental-principal methods. Considering the vertical electric field,
due to the weak bond between the layers, the distance of different bands of M,CO,
decreases to some extent. In the I-V curve of p-n multilayers, Ti,CO, illustrates
higher conductivity with a lower starting voltage than others and Hf;,CO, shows
stronger rectifying behavior.
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Fig. 3.4 Condensed states’ prediction (different voltage states in each cell) and band structures’
prediction for a Ti>C, b TipCF,, and ¢ TioCO, where the Fermi energy is zero [24]

3.4 Mechanical Properties

The presence of free electrons attended with transition metal atoms indicates a rich
and tunable surface chemistry for MXenes. Parameters such as MXene precursor,
etchant solution, exfoliation method, and applied strategy to increase the distance
between layers are very effective on structural properties, surface chemistry, magnetic
properties, as well as chemical properties such as oxidation rate and environmental
stability.

One of the most important parameters affecting the mechanical stability of
MXenes is the strong bond between M-X and surface terminals (O, F~, and OH™).
In other words, their mechanical stability can be increased by increasing the surface
functional groups by functionalizing MXenes layers. Following this increase in
mechanical stability, the breakdown of the atomic layer decreases [25, 26]. Based
on theoretical DFT calculations, MXenes have a higher elastic modulus than their
MAX precursor. Many researchers have investigated this issue based on experimental
works [27]. Gogotsi and co-workers [28] experimentally showed that the composite
prepared from Ti3C, Ty with neutral polyvinyl alcohol could withstand a weight of
about 15,000 times (Fig. 3.5). Cai et al. [29] also designed a Ti;C, Tx carbon nanotube
composite with more than 5000 cycles of tensile strength.

The existence of surface functional groups (O™, F~, and OH") has a decisive
role in the magnetic nature of MXenes. There is a strong covalent bond between
M and X, and the presence of surface functional groups (O~, F~, and OH™) on the
surface of MXenes makes them non-magnetic. By increasing the density of electrons
near the d energy-related level with the M transition metal orbital or breaking a
strong covalent bond such as the M-M and M-A bonds due to external plane strain,
some MXenes can behave magnetically [30]. It has been reported that 2D Ti3;N,
and Ti3;C, are antiferromagnetic Cr,C and Cr,N are ferromagnetic [31]. Due to their
functionalization, the presence of functional groups on the layers of MXenes leads
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Fig. 3.5 Mechanical properties of flexible free-standing Ti3CyTx, Ti3CoTx/PVA, and cast PVA
films, (i) stress—strain curves for Ti3C>Tx /PVA films with different Ti3C;Tx content. (ii) The
6-mm-diameter Ti3C,Tx can support ~4000 times its own weight. (iii) The 6-mm-diameter 90%
TizC, T can support ~15,000 times its own weight

to a decrease in the electron density near the Fermi energy level and, as a result, the
disappearance of the magnetic properties of MXenes.

3.5 Hydrogen Storage Properties

One of the big challenges for scientists and chemists is to obtain materials with
excellent hydrogen adsorption/desorption behavior and hydrogen storage materials
with high storage capacity, which can be used in environmental conditions. Reachable
hydrogen storage materials with weak physical attraction for H, due to van der Waals
forces, such as MOFs [30], covalent organic frameworks, carbon-based nanotubes
[31], fullerenes [32], and graphene [33], can store hydrogen at low temperatures near
the stored liquid nitrogen. Meanwhile, metal hydrides [32] need very high temper-
atures to dispose of the stored hydrogen because H; adsorption is done chemically.
Recently, the MXene family has been shown to have a high potential for hydrogen
storage [33-36]. H atoms in MXenes are confined in three ways: (i) physical adsorp-
tion, (ii) chemisorption, and (iii) Kubas-type interactions [33, 37]. In MXenes with
hydrogen storage capacity, it is reversible under environmental conditions due to
the Kubas-type interaction, whose binding energy is higher than physical adsorption
binding energy and lower than chemical binding energy [15, 38]. The most trust-
worthy method to predict the physicochemical properties of MXenes are preliminary
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calculations based on DFT because some properties have either not been performed
or confirmed by experimental tests. By performing systematic density functional
calculations, Hu et al. [35] showed that the maximum storage capacity of hydrogen
by Ti,C; and Ti, C is 8.6% adsorption at different locations and on both sides. Consid-
ering that 3.4% by weight of hydrogen molecules are through Kubas-type interaction,
the storage is reversible. It can be released at ambient temperature (Fig. 3.5). Osti and
Gogotsi et al. [39] investigated the potential of hydrogen storage in ambient condi-
tions for MXene, synthesized Ti;C, Tx with HF 48% and showed that about 0.3% of
hydrogen weight, adsorption occurs during the synthesis. Also, the mechanisms of
hydrogen storage are reported as follows: (i) Due to the two-dimensional crystalic and
with a thin layer structure, H atoms can remain stable on the surface and move easily
inside to become trapped between MXene layers; (ii) hydrogen inside probs (hollow
sites or gaps or defects such as empty spaces and void clusters) due to morphological
changes caused by the defect (such as changes caused by the using strong etchant
during etching of MAX phase) to be trapped; (iii) H; is placed in large gaps or pores,
or partially isolated H, molecules are located in small structural openings. For the
first time, Wu et al. [40] made a 2D composite of Ti3C, MXenes with NaAIH4 and
showed that this composite’s reversible hydrogen storage capacity is 4.9% by weight
of hydrogen below 140 °C. The remarkable catalytic activity of NbsC3Tx with a
layered structure leads to a special hydrogen storage capacity. Therefore, MXenes
are known as promising candidates for use as hydrogen storage materials. They can
be explored for developing high-capacity hydrogen storage materials with their great
potential for modification and composite fabrication.

3.6 Electrical and Electronic Properties

Electrical and electronic properties are the two important characteristics of MXenes
that have attracted much attention from researchers. These two characteristics can
be adjusted by changing the active groups, the formation of solid solution, and the
material balance. The electrical conductivity of MXenes with compact layers is
approximately the same as that of multilayer graphene [41]. Meanwhile, the electrical
conductivity of MXenes is higher than carbon nanotubes and materials extracted
from graphene oxide. The electrical conductivity of MXenes functionalized with
molecular groups increases [42].

Considering the increasing effect of MXenes synthesis on their electrical conduc-
tivity, it is possible to increase the electrical conductivity range of MXenes by mini-
mally consuming HF solution and increasing the exfoliation time with minimal viola-
tions in the structure of MXenes and increasing the volumetric expansion [43]. The
electrical properties can be modified by modifying the surface functional groups
of MXenes through alkaline and thermal methods [44]. A two-fold increase in the
conductivity magnitude of MXenes is achieved by adding or subtracting surface
features and entangled ions/molecules [45].
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3.7 Optical Properties

It is essential for photovoltaic, photocatalytic, transparent, and optically conducting
electrode machines’ visible/UV light spectrum adsorption. Even with a thickness of
10 nm, Ti3C,Ty layers can adsorb Up to 91% energy of light in the visible region
of UV from 300 to 500 nm wavelength [46]. Also, regardless of the thickness of
the layer, these can adsorb light energy in a wide and strong area between 700
and 800 nm. This adsorption is indicated by the formation of green layers [47].
This amount of adsorption can be optimized by ion convergence and changing the
thickness of MXene layers. For example, tetramethylammonium hydroxide increases
the transmissive adsorption of Ti3C,Ty layers, while DMSO, urea, and hydrazine
decrease it [48].

3.8 Oxidative/Thermal Stability

The presence of water and oxygen on the MXene layers during the synthesis is
very effective on the stability of MXene. Based on the experimental results, it has
been shown that virgin MXenes are decomposed either at higher temperatures in
the aqueous environment, by exposure to radiation in the air, or by melting for a
long time in the oxygen environment. For example, in the conditions where Ti3;C, Ty
MXene aqueous solution is placed under an Air atmosphere, the layered structure
will be decomposed under oxidation and TiO, formation. The color of TizC,Ty
MXene changes from black/green to white TiO, upon nucleation and formation
of anatase or rutile TiO,. According to reports, the expansion of anatase TiO, takes
place at temperatures of 500 °C, which transforms into rutile TiO; as the temperature
increases under the air atmosphere. However, TizC,Tx MXene is stable under an
argon atmosphere up to 1300 °C. It is limited to using techniques such as milling
with additional energy in the DMSO component or carbon nano-wetting to increase
stability and maintain the original structure and morphology of MXenes. Using
techniques such as dry air, degassed oxygen-less water, dark and cold refrigerator
environments, or a full vacuum to increase the stability capacity of MXene and reduce
oxidation can probably be effective [15, 37, 49].
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Chapter 4 ®)
MXene-Derived Composites and Their Gzt
Application in Energy Storage

and Catalysis

Rayees Ahmad Rather and Rameez Ahmad Mir

4.1 Introduction

Recent advances in materials science have demonstrated the development of compos-
ites between different materials as an effective approach to stimulate their activity.
Composites are preferably developed by blending two or more material entities with
variable thermodynamic, oxidation, and reduction properties to promote their effi-
ciency for some specific applications. The composite formation is a striking strategy
for enhancing stability, mechanical, electrical, and thermal properties of any mate-
rial. In light-driven reactions, this strategy effectively promotes the lifetime of excited
charge carriers. In recent years, composites of two-dimensional (2D) materials espe-
cially graphene [1, 2] had revealed their potential for several critical applications
credited to their layered, flexible, and tunable structural features. However, the
issues pertaining to production cost, fragility, and environmental concerns encour-
aged researchers to explore analogous metal-based layered structures. In this regard,
the research progress in transition metal dichalcogenides (TMDCs) and transition
metal carbides/nitrides (TMCs/TMNs) exploded as a research boom in 2D materials
research specifically in the field of energy conversion and storage [3]. Among the
latest and most advanced materials, MXenes have emerged [4] as an unconventional
2D material with the possibility of wider applicability in composite formation due
to their layered structure, distinctive surface properties, and tunable morphology.
MXenes, a special class of 2D layered TMCs/TMNs discovered by Gogtsi et al. in
2011 [5] are flexible structures that are ideal for forming multifunctional materials.
MXenes are primarily composed of carbides, nitrides, and carbonitrides obtained
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by selective etching of the MAX phase, where M is transition metal, A represents
group IITA or IVA elements and C is carbon or nitrogen. MXenes have a general
formula, M,,;1 X, T, (n = 1-3) where M and X are the same as in the MAX phase
and T is the respective functional group (—-O—, —OH, and -F). MXenes are versa-
tile materials that exhibit a combination of metallic and ceramic properties, making
them suitable for use in a variety of applications such as batteries, energy storage,
catalysis, sensors, capacitors, etc. [6, 7]. The electrical, optoelectronic, and induc-
tion properties of MXenes are optimized based on the ratio of M, X atomic species,
which amenably improves their energy conversion and storage performance [8, 9].
In addition, MXene-based supercapacitors and batteries exhibit high energy storage
performance even when the electrolyte contains larger cations because the wider
spacing between the MXene layers allows easy intercalation and deintercalation of
these larger ions. As a result, the larger ions can effectively store and release energy
within the MXene layers [10, 11].

However, several issues in MXenes such as restacking of layers, oxidation of
specific species, and reduced electrical conductivity of certain functional groups
in out-of-plane directions constrain their performance not only in energy storage
systems but also in other catalytic applications. The poor Vander Waals interactions
between MXene layers tends to effect their mechanical properties thus limiting their
use in electronic applications. To overcome these limitations, researchers have devel-
oped composites of MXenes with other potential materials, such as polymers, metals,
and carbon-based materials. The blend of these materials possess improved mechan-
ical strength, electrical conductivity, electrochemical and catalytic performance over
their individual counterparts. However, the choice of the composite materials deter-
mines its potential application, for example, MXene/polymer composites can be used
as flexible electrodes for energy storage devices, while MXene/metal composites can
be used as catalysts for several reactions.

In this regard, this chapter presents a descriptive outlook of the MXene-based
composites, their synthesis, and role in different energy storage and catalysis
applications.

4.2 Synthesis of MXene Composites

The synergism between MXene and hetero material in a composite is decided based
on certain factors such as (1) type of interfacial contact, (2) characteristics of space
charge region, (3) interfacial electron transfer, (4) accessible surface area, and (5) path
length, from electron transition level to its interaction with the adsorbed chemical
entity. Therefore, these factors are usually considered while fabricating a functional
MXene composite. Numerous procedures and techniques have been adopted for the
synthesis of novel MXene composites.

Figure 4.1a, shows several reported composites of MXenes including with poly-
mers [12], metal oxides [13], mesoporous carbon (mC) [14], graphene (atomic layer
graphene, graphene oxide (GO), reduced GO (rGO) [15], carbon nitride (CxNy) [16],
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carbon nanotubes (CNTs) [17], and metal chalcogenides (TMDCs) [18]. Based on the
type of additive material (0D, 1D, 2D, and 3D materials) and the intended end appli-
cations of the MXene composite, various synthesis protocols have been employed
for composite formation (Fig. 4.1b).

Both chemical and physical methods are preferred for the synthesis MXene
composites. However, the application requirement specifically determines the route
of synthesis. Physical methods such as in-situ and ex-situ techniques are used for the
development of a variety of MXene composites, as they avoid the formation of any
impure phases or defects during the synthesis process.

In-situ composite synthesis involves the simultaneous formation of MXene and
another material when precursors are subjected to reaction in a defined molar ratio.
This method allows an integration of different functionalities of MXene and corre-
sponding composite material enabling a significant change in the electrical and photo-
electrical properties of the MXene composite. The in-situ process is a combination
of several individual steps such as (1) precursor selection, (2) etching, (3) delami-
nation, (4) addition of another composite component, (5) mixing and stabilization,
(6) washing and drying. Typically etching and stabilization are two primarily impor-
tant steps to regulate the formation of MXene structure and aggregation of particles.
Characteristically, electrochemical and non-covalent interactions have been deter-
mined as the responsible forces for the formation of in-situ development of MXene
composites [19].

In comparison to the in-situ method, the ex-situ route is a simpler procedure that
involves the separate synthesis of MXene material and its subsequent mixing or
dispersion into a matrix material in specific molar ratios to enable the interlayers of
MXene to create a hybrid phase and enhance the overall activity of the composite. In
ex-situ method, the etching is done on MAX phase only while as the dispersion and
stability procedure remains like in-situ method. The ex-situ route involves the mixing
or dispersion of MXene into different matrix materials such as polymers, metal
oxides, carbonaceous materials, etc. In both cases, the developed hybrid composites
exhibit higher interlayer spacing as compared to pure MXene [20, 21]. Additionally,
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multilayer MXenes, single layer is more efficient due to better surface hydrophilicity
and compatibility with other materials.

Apart from the metal oxide, the MXene composites with other materials such
as graphene and carbon nanotubes were also reported for several charge transfer
reactions. In a study by Xu et al. [22], an electrochemical approach was used to
develop flexible all-solid-state supercapacitors (SCs) made of a graphene oxide
(rGO)/Ti3C, T, film, utilizing rGO as a binder to link the active conducting particles.
Thick electrodes with high electrolyte accessibility were developed without the need
for any special procedures to delaminate the MXene layers. The resulting composite
material exhibited a higher specific capacitance than the individual ingredients (GO,
rGO, or MXene).

In contrast to physical methods, chemical methods crucially improve the physic-
ochemical and thermomechanical properties of MXene composites. The strength of
the composite is determined by the hydrogen bonding between the negative charge
of the functional group (-T) on the surface of MXene and the compounding species.
The bonding and tailoring of the —T group with the composite species determine the
utilization of the MXene composite for respective applications. Among the various
additive materials used for MXene composite formation, carbon materials such
as mesoporous carbon (mC), carbon fibers (CFs), carbon nanotubes (CNTs), and
graphene have received special attention due to their easy availability, high surface
area, and distinctive surface characteristics that work in larger voltage windows and
possess better adsorption and charge transfer ability.

4.3 Applications of MXene-Derived Composites

MXene-based composites are being extensively explored to catalyze wide range of
electronic and energy applications due to their unique electrokinetic, optoelectronic
and storage properties. MXene derived composites offer higher effective surface
area, high density of active sites, effective charge and mass transport. Majorly, the
MXene-based composites are being tested for the following applications.

1. Energy storage: The MXene composites have high effective surface redox sites
and conductivity, which makes them ideal for use in energy storage devices such
as batteries and supercapacitors.

2. Catalysis: MXene based composites can be used as catalysts to drive several
electrochemcial, thermal and photocatalytic reactions due to their high surface
area and unique surface chemistry. MXene composites not only acts as the co-
catalysts for certain reactions, but they also act as support for adsorption and
promote the charge and mass transfer process. Therefore, MXene composites
have the potential to promote the efficiency and yield in several environmental
remediation and renewable energy processes.
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3. Water purification: MXene composites are suitable adsorptive photocatalytic
materials for sustainable treatment of heavy metals, organic pollutants and other
recalcitrant pollutants.

4. Biomedical applications: MXene composites have potential applications in
biomedical fields such as sensors, drug delivery, tissue engineering, and
biosensing due to their biocompatibility and unique properties.

The MXene composites have a tremendous potential to scale up the efficiency of
different reactions across different domains. However, in this chapter, a descriptive
outlook of these composites for energy storage and catalysis is presented.

4.3.1 MXene Composites for Energy Storage

MXene composites are appropriate materials for energy storage and conversion appli-
cations due to their exceptional structural, morphological, and electrical properties.
Research efforts are focused on optimizing the synthesis techniques to specify the
molar ratios and enhance the chemical and electrostatic compatibility of individual
ingredients in MXene composites, which in turn will improve the scalability of
production which is a prerogative for practical implementation of these composites
in energy storage and conversion applications.

Among various competitive options, the graphene-based MXene composites have
gained significant attention due to their layered structures and high conductivity.
These composites are attractive because they not only enhance performance by
leveraging the superior properties of graphene but also maintain the unique two-
dimensional structure of the composite, which further improves its overall activity
and stability. The synergism and combination between MXene and graphene is a note-
worthy, particularly with regards to the alignment of neighboring crystals, interface
quality, and the abundance of edge sites. Zhou et al. [23] investigated the Ti;C, T,
MXene phase to functionalize reduced graphene oxide (rGO) sheets through Ti—
O-C covalent bonding, which was crosslinked by 1-aminopyrene-disuccinimidyl
(AD) substrate to enhance the compactness and toughness of the resulting MXene-
rGO (MrGO) sheets (Fig. 4.2a). A flexible symmetric supercapacitor was fabricated
utilizing MrGO-AD sheets as electrodes (5 pwm thick, 2 cm long, and 1 cm wide) and
PVA/H;PO; as the gel electrolyte (Fig. 4.2b). The developed cell demonstrated high
cyclic stability even at a scan rate of 1000 mV s~! (Fig. 4.2c). The supercapacitor
performance estimated through GCD curves (Fig. 4.2d) exhibited volumetric capaci-
tance of 645 F cm™ at an applied current density of 1.0 A cm™3. The cell also revealed
a high stability with a capacitance retention of 75.3% at 8.6 A cm™ and a high
coulombic efficiency (CE ~100%) as shown in Fig. 4.2e, respectively. The capacitor
also exhibited a very high cyclic stability with negligible loss of capacitance even after
20,000 CV cycles (Fig. 4.2f). The Ragone plot (Fig. 4.2g) revealed that the developed
electrodes perform better than the commercial activated carbon (AC) and lithium (Li)
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batteries. The supercapacitor based on MXene and rGO sheets provides a combina-
tion of high toughness and strength electrodes with energy/power density essential
for developing the highly efficient and durable flexible supercapacitors. The results
revealed that the improved performance of the capacitor can be attributed to the use of
MXene and mt-m bridging, which increases the alignment of the MXene-rGO sheets.
The capacitor’s performance was evaluated at different bending angles (0°, 90°, and
180°), and it was found that bending and twisting did not affect its performance.
Additionally, combining the three electrodes in series improved the voltage range
threefold compared to using individual electrodes, providing a path to develop multi-
layer cells for practical applications. However, to further enhance the performance
of the supercapacitors, it is crucial to consider ion accessibility on the electrode sites.
The ion exchange transfer kinetics are notably low in organic electrolytes, especially
at low temperatures (below freezing). Addressing this issue can lead to significant
improvements in the performance of MXene-rGO-type supercapacitors.

The accessibility of the electrolyte ions in the electrodes plays a vital role for
enhancing the charge storage performance especially at low temperatures. In this
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Fig. 4.2 a Schematic model of MXene-GO platelets showing the formation of Ti—O—C covalent
bonding, b illustration of the components of a flexible supercapacitor based on MrGO-AD sheets.
¢ Cyclic voltammetry (CV) curves at scan rates of 10-1000 mV s~! for the MrGO-AD super-
capacitor. d GCD curves for the MrGO-AD sheet supercapacitor. e Volumetric capacitance of
the MrGO-AD sheet supercapacitor for current densities from 1.0 to 8.6 A cm™>. f Capacitance
retention during the cycling of a MrGO-AD supercapacitor. Figure adopted with permission from
[23]
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regard, Gao et al. [24] developed MXene knotted CNT composite as a high-rate
performance electrodes (Fig. 4.3a—c). The breakage of the 2D alignment of the
Ti3C, MXene sheets by the special CNT knots prevents the restacking of the sheets
and creates fast ion transport pathways. The capacitor performance of the MXene
composite was tested through three and two electrodes set up in an organic elec-
trolyte. The synthesized TizC,/CNT composite exhibited a capacitance performance
of 128 Fg~!at 1 A g~!. To check the performance of the composite at low operating
temperatures, the asymmetric cell was fabricated with Ti3C,/CNT with 17% CNT
composite as negative electrode and aligned CNT as positive electrode (Fig. 4.3d),
respectively. The CV at multiple scan rates in a wide voltage window (0-3 V) shows
a negligible loss of capacitance even at higher scan rates as shown in Fig. 4.3e. The
quasi-rectangular shape of CV curve and symmetric shape of GCD curves (Fig. 4.3f)
without a plateau reveals the pseudocapacitive behavior of the composite material.
The asymmetric capacitor exhibited a capacitance of 130 F g~! higher than aligned
CNTs (94 F g~!) and showed capacitance retention of more than 90% even after 8000
cycles. The cell capacitance at lower operating temperature (Fig. 4.3g) shows that
capacitance decreased by 50% as compared that performed at 20 °C. The absence
of the redox peaks at lower temperatures (Fig. 4.3h) shows that the double-layer
mechanism is responsible for charge storage. The operational voltage window up to
4.2 V is higher than that achieved in activated carbon materials (3 V). The highest
capacitance retention was observed in composite material with 9% CNT as compared
to 17% (Fig. 4.31) and bare MXene, respectively. The results suggested that conduc-
tivity plays a vital role on capacitive performance of the cell at lower operating
temperatures. An impressive capacitance, energy density (59 Whkg™!), and a power
density (9.6 kW kg~!) were obtained at —30 °C. The performance is better than
the values reported for supercapacitors with 2D electrode materials operating at low
temperatures. The study has demonstrated that MXene/carbon composites made from
pseudocapacitive materials can be utilized for high-rate energy storage in organic
electrolytes by optimizing the electrode architecture. This is due to the exceptional
hydrophobicity and conductivity of the MXene/graphene composites, which has
led to extensive efforts to enhance their supercapacitor performance. Despite their
potential, the use of MXene/graphene composites in practical applications is still
limited by several factors, such as the complicated synthesis process and the high
cost associated with the use of graphene [15].

To deliver on such bottlenecks, conductive polymers have garnered significant
interest as alternative additive composite materials for creating flexible, lightweight,
and conductive MXene/polymer composites that serve as electrodes for energy
storage devices [25-27]. Adekoya et al. [28] conducted a study on the effects
of polypyrrole (PPy) polymer on the properties and performance of MXene/PPy
nanocomposites. However, to fabricate the MXene/PPy composites, in-situ poly-
merization is considered as a promising approach. Various types of flexible MXene/
PPy composite electrodes were designed and fabricated. Furthermore, an in-depth
investigation and comparison studies of MXene/PPy composites revealed that the
incorporation of PPy enhances both the stability and the energy storage performance.
Similarly, Li et al. [29] fabricated a textile-based electrode made of polyester fabric
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Fig. 4.3 a Cross-sectional SEM images of an MXene-knotted CNT composite electrode with 17%
CNTs, b SEM image of composite, ¢ schematic illustration of the TizC, flakes was broken by the
knotted CNTs to form 3D networked structure. “a” and “b” (~1:2 ratio), d full cell fabrication:
three-electrode CVs of the MXene-knotted CNT (Ti3C,/CNT) composite electrode and aligned
CNT electrode at 50 mV s~!, e cyclic voltammograms for the full cell at different scan rates,
f galvanostatic charge—discharge curves for the full cell at different current densities, g cyclic
voltammograms at different temperatures at 20 mV s~ !, h cyclic voltammograms with larger voltage
windows at low temperatures for the full cell using MXene-knotted CNT composite electrode with a
CNT content of 17% as the negative electrode, and i capacitance retention of full cells with different

Ti3C, MXene-based electrodes as a function of temperature. Figure adopted with permission from
Ref. [24]

modified with polyethyleneimine (PEI) Mxene/PPy composite (PPy/MXene/PMFF).
The capacitor performance of the developed composite was estimated by a symmetric
cell procedure with PPy/Ti3;C,/PMFF as electrodes and advanced PVA/Na,SO4 gel
as electrolyte. The polymer-encapsulated MXene provides more abundant sites and
modified channels for electron transport to improve the capacitive performance.
Based on the mass loading of the active material (PPy/MXene), the PPy/MXene/
PMFF composite revealed a real capacitance of 1295 mF cm~2 and a gravimetric
capacitance of 439 and 360 F g~! at 1 and 50 mA cm~2, respectively. Moreover, the
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polymer/MXene composite exhibited excellent stability with no significant drop in
capacitance even at higher scan rates. The designed electrode shows only a drop of
6.3% in overall capacitance after 30,000 cycles. The higher rate performance, high
energy/power density, high stability even different deformation angles, and excellent
cyclic stability contribute to the significant advances in textile-based electrodes for
wearable electronic devices. The comparison studies of different MXene polymer
composites and their respective performance are given in Table 4.1.

Moreover, to improve the number of redox sites and enhance the performance
of MXene electrodes, the synthesis of MXene/TMO composites is considered a
promising approach. Typically, TMOs made of metals such as Manganese (Mn),
Vanadium (V), Iron (Fe), Nickel (Ni), and Cobalt (Co) have been explored due to their
high theoretical capacity, wide availability, low cost, multiple oxidation states, and
higher number of redox sites. Various transition metal oxide-based MXene compos-
ites (MXene/TMOs) have been developed as electrode materials for supercapacitors,
as presented in Table 4.1 [30].

However, despite the higher capacitance and energy density observed in the devel-
oped supercapacitors (SCs), still fall short of the energy density values obtained in
batteries. To further improve the pseudocapacitive performance of the MXene elec-
trodes, Wang et al. [31] produced a tungstate/MXene composite electrode for use
in lithium and sodium-ion batteries. The electrode was free-standing and aligned
to minimize ion-path tortuosity, enhancing ion transport, and ultimately leading to
improved efficient pseudocapacitive storage performance. The developed flexible
electrodes demonstrated high capacity and long-term performance, with a capacity
of 267.0 mAh g~! observed in the case of Li-ion batteries and a CE greater than
78%. Even at various deformation angles, negligible loss of capacity was observed.
These results suggest the potential application of the developed composite material
in wearable electronic devices.

In addition, energy storage properties of transition metal oxide/MXene composites
were enhanced by increasing the number of redox-active sites due to the incorpora-
tion of metal oxide species, especially those of Ni, Co, Sn, and Fe-oxides. The charge
storage mechanism in batteries is diffusion-controlled and depends on the redox reac-
tions occurring deep within the electrode material. However, the charge storage mech-
anism is surface controlled process. A study presented by Wang et al. [32] showed
a composite electrode consisting of carbon-coated iron oxide (Fe;O4) nanoparti-
cles (C@Fe;0,4 NPs) decorated on Ti;Cy/MXene for Li-ion battery applications.
Fe;O4 was chosen as an additive due to its high theoretical capacitance of 3625
F g~!. The uniform distribution of C@Fe304 NPs improved the specific surface
area from 7.8 to 30 m? g~!. The C@Fe304 NPs/Ti;C, composite exhibited a higher
capacity of 231.5 mAh g~! as an anode in Li-ion batteries compared to pristine Ti3C,
MXene (107.8 mAh g~!). Similarly, Liu et al. [33] used the hydrothermal reaction
route to develop VO,-enriched V,CT, MXene as an electrode for Li-ion batteries.
The partially etched V,CT, MXene phase was oxidized in the presence of H,O,
to enhance the layer spacing of the resultant oxidized phase as shown in Fig. 4.4a.
The presence of the VO, phase was confirmed by the XRD pattern (Fig. 4.4b) and
the enhancement of the layer spacing before and after hydrothermal treatment was
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Table 4.1 Electrochemical performance of MXene/composite-based SCs. Adopted with permis-
sion from Refs. [15, 30]

Electrode(s) Electrolyte Capacitance Current Retention (%) Number of
density cycles

MXene/rGO 2M KOH 1543Fg~! 85 6000

composite

MXene/rGO 6M KOH 405F g1 No change 10,000

films

MXene/rGO 1M H,SO4 370 Fcm ™3 No change 3000

hybrid fiber

MXene/rGO 3M H,S04 586.4 F cm ™3 No change 20,000

films

MXene/tGO | IMH,SOs4 | 1040 Fem™3 91 15,000

composite

aerogel

MXene/holey | 3M H2SOq4 438 F g*1 93 10,000

rGO composite

Co-MXene/ 6M KOH 345F g~! 85 10,000

rGO hybrid

aerogel

MXene/rGO Saturated 370 F g~ - -

hydrogels K>S04

Mxene/MnO; | Nap;SOy4 312Fcm™3 5mVs~! |130.8 5000

MnO,/Mxene | KOH 611.5F ¢! 1Agh |96 1000

Mxene/MnO, | KOH 130.5F g~! 02A¢g™ " | 100 1000

NR

Mxene/MnO, | NaySOy4 340F g~! 1Ag™! [876 2000

NS

Mxene/Fe3O4 | LizSO4 46.4mFcm™2 | 0.5 mA 96.3 85,000
cm™2

MnO,/Mxene | KOH 212F ¢! 0.1Ag™! 88 10,000

NwW

Co-Fe oxide/ | LiCl 2467.6 Fcm™ | 0.2 mA 88.2 10,000

TizCo Ty cm—2

Ti3Co T,/ LiCl 4054Fg ! |2Ag7! |97 2000

Fe, O3

TiOy/Mxene | KOH 143Fg~! 5mvVs~! |96 3000

V,05/MXene | LiNO3 217Fg! 0.1 mA 104 5000

cm
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Fig. 4.4 a Schematic illustration of the synthesis of oxidized V,CT,, b XRD pattern, and c—d SEM
images of the developed product. Adopted with permission from Ref. [33]

observed in the micrographs shown in Fig. 4.4c—d, respectively. The electrochem-
ical tests were performed by fabricating a coin cell with oxidized V,CT, (80% by
weight) as anode and Li-foil as cathode material. 1M LiPF¢ dissolved in (ethylene
carbonate (EC), dimethyl-carbonate (DMC), and ethyl methyl carbonate (EMC) at
a volume ratio of (1:1:1) as electrolyte and Celgard 2400 micro-porous membrane
as separator.

The CV at a very low scan rate of 0.1 mV s~! as shown in Fig. 4.5a (V,CT,), and
Fig. 4.5b (oxidized V,CT,) shows the presence of redox peaks in the pristine MXene
phase. However, the peaks disappeared in the oxidized phase which attributes to fact
that the presence of O-terminated groups and VO, phase improved the Li* capture and
improved the reversibility of the reactions during CV cycling. The specific capacity
estimated at varying current densities in the oxidized V,CT, phase is higher than
the pristine MXene and MAX phase (Fig. 4.5a—c). The rate performance (Fig. 4.5d)
of the oxidized MXene reaches up to 318 mAh g~!, which is more. The results
revealed that the increased layer spacing in the oxidized phase plays a key role in the
Li-intercalation/deintercalation process to increase the charge storage performance.
However, for practical applications, cycling stability and long-term performance
retention are necessarily required. The capacity of the MXene phase decreased for the
first 100 cycles as shown in Fig. 4.5e. This decrease corresponds to the improved Li*
accessibility with the number of cycles. The presence of the oxide terminated groups
improves the reversible capacities than the pristine MXene. The VO, phase formed
in the oxidized MXene (V,CT,) acts as the bridge between the V,CT, and Li*, which
provides more diffusion channels to improve the reversibility of the oxidized V,CT,
phase. The oxidized V,CT, phase revealed an excellent stability up to 1000 cycles
with negligible loss of capacitance as shown in Fig. 4.5f. The CE curve remained
linear with no loss even after 1000 cycles.



68

(a) o, ]

Current (mA)

T T T T T
ns .o L5

0.0 0 25 a0
Potential (V vs Li/Li")
(©)
600 Current Density: A-g’
) —+— Oxidized V,CT,
= Soo4 ——V,CT,
< 2
E 400+ ——VAK e
2
g 2
£
=
£
o
=
k]
3
-3
w o # !!=' e}
1] 1m0 20 30 40 50 60 70
Cycle Number
(e)
_ < 100
o r‘
2 == Coulombic EMiciency of Oxidized V,CT_
-~ 01 A" 80
=
= 60
2 200 v o
5 o er 140
o —o——a—Onidized V CT,
!_g 104 4 —o——a—V,CT, 10
E —O——t V AIC i
L

0 e 80

Cycle Number

Coulombic Efficiency (%)

R. A. Rather and R. A. Mir

(b)
0.2
=3
B
=3
-]
]
=g
™ "
o —1
© lasd
—_—
0.4 —_
0.5y T T T T T v
0.0 0s .o 1.5 0 15 3.0

Potential (V vs LilLi*)

0 100

200 300 400 500 600
Specific capacity (mAh / g)
- = - 00 _
2 250 N 9
- <
<4 80 -
T 0] g
- 2 2
1 Ag 4

£ 1) “« ¥
g B Y s T
g 100 14 2
g |7 g
T s 7w =2
g 2
| . | X

0 00 400 600 800 1000

Cycle Number

Fig. 4.5 The CV curves of V,CTy (a) and oxidized V,CT; b at 0.1 mV s~! for the initial three
cycles; ¢ and d the rate performance at different current densities; e the cycle performance of V,CTy
and oxidized V,CT, at a current density of 0.1 A g~!. Adopted with permission from Ref. [33]

The oxidized V,CT, phase represented good performance stability and
reversibility, justifying potential use as anode materials for lithium storage. Different
other oxide materials have been tested along with MXenes as electrodes for Li, Na,
and Zn batteries. The presence of the oxide materials as the composite additives
improves both the activity and stability. The battery performance of the different
MXene/TMO composite (Table 4.2) is higher than observed in pure V,CT, phase.
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Table 4.2 MXene/TMO composite for battery applications. Adopted from Ref. [30]
Serial MXene/TMOS material First cycle | First cycle Last cycle | Last cycle
Number capacity capacity (mAh | capacity capacity
(mAh g Dfcurrent | (mAh (mAh
gy density g 1y gy
current current current
density density density
Co0O/CoyMo303 @Ti3C, T, | 1008.8/0.1 | 936.2@100/0.1 | 545/2 A 1200
Ag™! Ag™! g
2 v-Fe, O3 @TizCo Ty 805.4/0.1 | 1060@400/0.5 |466/2 A 800
Ag™! Ag™! g
3 Oxidized-V,CT, 318/0.05 A |318@100/0.1 | 125/1 A 1000
g Ag! g
4 Fe304@TizCy Ty 517/02C |- 236.7/5C | 300
5 SnO, @TizC, Ty 829.4/0.2 | 829.4@100/0.2 | 533.9/1 A | 500
Ag™! Ag™! g
6 Fe304@TizCy Ty 809.1/0.1 |782.7@100/0.1 | 667.9/1 A | 600
Ag! Ag! g!
7 TizC, T,/TiO2 300/0.1 A | 130@10/0.5 A | 143/0.5 A |200
—1 ~1 -1
g g g
8 Fe304@Ti3Cy Ty 954.7/0.5 |701.8@200/0.2 | 609.9/0.5 | 600
Ag! Ag™! Ag™!
9 C0304/Ti3Cy Ty 1326/C/5 | 1005@300/1C | 307 1000
10 TiO2./Ti3Cy 206/0.1 A |- 131/5 A 500
g! g
11 MXene-bonded Si@C 1660.6/ - 1040/0.42 | 150
042Ag! Ag!
12 MZXene derived TiO2/Fe,03 |469.8/0.1 | 329.5@590/0.1 | 100/0.1 A | 2000
Ag™! Ag™! g
13 C0304@s-Ti3Cy Ty 747/0.1 A | 550/@700/1 A | 160/5 A 100
g g g
14 CuyO/Tip CTy 790/0.01 A |- 143/1 A 250
g! g’
15 SnO,/Tip CTy 736/0.5 A |- 258/0.5 A |50
g! g
16 LisTisO2/TipCTy 136/10C |- 118/10C | 1000
17 N-doped TiO>-MXene 305/0.03 A | - 369/0.03 | 100
—1 A -1
g g
18 Nig.§Mng2-PBA/MXene 442/0.1 A | 443@50/0.1 A |259.9 650
g! g
Zinc ion batteries (ZIBs)
1 Mn, V19024-nH,O@V,CT, | 424.4/0.5 |358.2@300/1 |289.6/10 | 25,000
A g—l A g—l A g—l
2 CC@MnO, @TizCp Ty 517/0.1 A |505.2@45/0.1 |80.6/1 A |800
~1 —1 —1
g Ag g

(continued)
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Table 4.2 (continued)

Serial MXene/TMOS material First cycle | First cycle Last cycle | Last cycle

Number capacity capacity (mAh | capacity capacity
(mAh g Dfcurrent | (mAh (mAh
gy density g 1y gy
current current current
density density density

3 ZMO@Ti3C, Ty ~175/0.1 | ~175@100/0.1 | 172.6/1 A | 5000
Ag! Ag! g

4 H,V30g/TizCy Ty 317.4/0.2 | 290.1@150/0.2 | 86.1/10 A | 6600
Ag™! Ag™! g

5 3D TizC, Ty @MnO; 301.2/0.1 |- 202.2/0.1 | 2000
A g*l A g*]

6 V205 @V,CT, 397/0.5 A | ~335@100/0.5 | 345/4 A 2000
g Ag! g!

7 V,0,@V,CTy 300/0.05 A | - 246/1 A 200
g g

8 VO, @V,CT, 423.5/1 A |398.1@80/5 A |283.7/30 |2000
g! g! Ag!

9 V,CT,@MnO;, 408.1/0.3 |- 119.2/10 | 10,000
A g*l A g*l

10 (NH4)2V10025-8H,0@ 514.7/0.1 |331.8@500/0.5 | 105.6/5 A | 6000

Ti3Co Ty Ag! Ag! g~!

11 VO,/TizCy Ty 445/0.1 A | 244.5@2600/ |225/30 A | 4000
g—l 20 A g—l g—l

12 VO,/TizCy Ty 228.5/0.2 |- 126.6@2 | 700
Ag! Ag!

4.3.2 MXene Composites for Catalysis

MXene composites had been reported as catalysts due to their unique physical and
chemical properties. These composites have a high surface area, which provides many
active and adsorption sites for catalytic reactions. Additionally, they exhibit excel-
lent electronic conductivity and can act as conductive supports for catalyst nanopar-
ticles. Several studies have reported the use of MXene composites as catalysts for
various reactions. For example, Ti3C, T, composites have shown good performance
for the oxygen evolution reaction (OER) and hydrogen evolution reaction (HER)
[34]. These composites have shown excellent catalytic activity and stability, making
them promising candidates for water electrolysis and other types of catalytically
uphill reactions. Additionally, MXene composites were also used as catalysts for
organic reactions like the reduction of nitroarenes or organic transformations [35].
The composites exhibited high catalytic activity and selectivity towards the desired
reduction product, making them potential candidates for the synthesis of pharma-
ceuticals and agrochemicals. Three major domains where Mxene composites are
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explored as potential catalysts include, (1) photocatalysis, (2) catalytic sensors, and
(3) pollutant remediation.

4.3.2.1 MXene Composites as Photocatalysts

Photocatalysis is a process in which light is used to drive a chemical reaction [36],
among the widely studied reactions, the infamous water splitting, hydrogen produc-
tion, CO, reduction, and nitrogen fixation are the best specimen reactions with uphill
thermodynamic requirements that researchers try to undo via photocatalytic approach
[37, 38]. To achieve higher quantum conversion efficiency, the photocatalysts need to
possess some exceptional characteristics such as (1) higher photoactivation response,
(2) perennial stability and greater charge transfer ability, (3) lower recombination
rate of excited electron—hole pairs, (4) efficient separation of charge carriers and
their interaction with reactants adsorbed on the surface, and above all (5) suitable
band profile to execute specific oxidation and reduction reactions. Single-component
MXenes can’t meet all the criteria to be an effective photocatalyst. However, the
surface hydrophilic properties of MXene due to the presence of —OH and —O groups
enable them to form suitable photocatalytic composite systems with other photoac-
tive co-catalysts to drive some reactions. MXene composites have been used to drive
numerous uphill reactions such as water splitting, CO, reduction and N, reduction.

An et al. [39] used a combination of Pt and Ti;C,Tx co-catalyzed C3N, MXene
composite for photocatalytic hydrogen production. The composite showed improved
conductivity and exhibited an excellent photocatalytic response for hydrogen produc-
tion (5.5 mmol h™' g='). The higher performance is attributed to the MXene-
facilitated effective charge transfer and separation of e~/h* pair. Similarly, a combi-
nation of Ti3;C, and cadmium sulfide (CdS) MXene composite was reported for the
photocatalytic hydrogen production [40]. The TizC,—CdS composite was prepared
by hydrothermal synthesis route, the morphology and structural interpretation of
the composite revealed a heterojunction between Ti3C, and CdS (Fig. 4.6a-b). The
composite produced 14.3 mmol h~!' g~! of hydrogen equaling and apparent quantum
efficiency of 40.1% (Fig. 4.6¢). The performance of the composite is credited to suit-
ably aligned band profile of the Ti3;C,—CdS photocatalytic system leading to an
interfacial electron transfer from CdS to Mxene along the formation of space charge
region (Fig. 4.6d). A Schottky junction is formed (Fig. 4.6d) after the fermi level
equilibration allowing electrons to shuttle towards Ti3;C, surface leaving behind the
positive holes, the excellent conductivity or the MXene allows the water reduction to
generate H, gas. Furthermore, as shown in Table 4.4, several MXene-based compos-
ites have been reported for photocatalytic hydrogen production under half reaction
conditions. The performance in most cases is ascribed to the co-catalytic role of
MXene in the composite leading to the effective separation and prolonged lifetime
of excited electron hole pairs.

Moreover, MXenes composites have been reported for the photocatalytic CO,
reduction to produce C1 fine chemicals as the products in a sustainable way. For
example, Ti3;C, was utilized as a co-catalyst to enhance the photocatalytic response
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Fig. 4.6 a A high-resolution TEM image and b SEM image of CdS/Ti3C, composite (CT2.5).
¢ Photocatalytic activity of the CdS/TizC, composite, d plausible mechanism of charge transfer in
CdS/Ti3C; under visible light irradiation. Adopted with permission from Ref. [40]

Table 4.4 Photocatalytic hydrogen production by different MXene composites in different reaction
conditions and under visible light irradiation

MXene composite Reaction medium H, production (wmol g~! h™!) | Ref.
TiO; nanofibers/TizC, T, ‘Water/Methanol 6979 [42]
Ti3C, T, nanoparticles/CdS | Water/Lactic acid 14,342 [40]
TiO; /Ti3C, T, /CoS Water/Methanol 950 [43]
C3N4 /Ti3C, T, /Pt Water/TEOA 5100 [39]
g-C3N4 @TizCo Ty Water/TEOA 5111 [44]
7Zn0O nanorods /Ti3Cy Ty Water/Ethanol 456 [45]
CdS/MoS,/Ti3C, Ty Water/Sodium sulfate | 9679 [46]
CdLayS4/TizC, T, Water/Sodium sulfate | 11,182 [47]
Ti3CoTx/TiOy/g—C3Ny Water/TEOA 1620 [48]
Mo, S@TiO, @Tiz3Cy Ty Water/TEO/Acetone 10,505 [49]
Cu/TiO, @TizC, T Water/Methanol 764 [50]
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of TiO, during a photocatalytic CO, reduction reaction [41]. As a result, the TizC,—
TiO, composite produced CO (11.74 wmol g~! h=!) and CH4 (16.61 wmol g~' h~1)
as the reduction products. Again, the credit for the efficiency was attributed to the
effective charge separation leveraged by the presence of MXenes. Several similar
composites have been reported recently for the photocatalytic capture and conversion
of CO; to fine chemicals.

4.3.2.2 MXene Composite Sensors

Studies have revealed that 2D materials are most popular for sensor and wearable
applications due to their novel physical, morphological, and optoelectronic proper-
ties [51]. MXenes being a 2D class of layered materials have the potential tendency in
sensor applications as they possess huge surface area, excellent stability, biocompat-
ibility, and good thermal conductivity [52]. Moreover, the hydrophilic surface allows
the surface modification and functionalization, which is a prerogative in any sensor
application. Among the major sensing application, MXene composites have been
reported as gas sensors, biosensors, wearables, etc. For example, Wang et al. [53]
reported a TiO, modified Ti3;C, composite for the detection of H,O,. The composite
showed an organ-like structure of Ti3;C, possessing a layered morphology resem-
bling to that of exfoliated graphite, a suitable electrode of TiO,-Ti3;C, was devel-
oped with the help of nafion binder which was beneficial for the immobilization of
Hb. The specific surface area of the composite was also modified and due to these
reasons, the prepared sensor showed a detection limit of 14 nM for H,O,. Simi-
larly, a similar composite constituted of TizCs—Au was used for glucose detection.
MXene-Au displayed the detection ability in the range of 0.1-18 mM with lower
LOD at 5.9 wM. The sensing ability is attributed to the electrical conductivity of
MXene, which was further enhanced by the uniform distribution of Au nanopar-
ticle. Numerous other studies have reported the MXene-based composites for the
detection of gases such as CO and CHy. A study by Yu et al. [54] presented the
adsorption of number of gases such as NH3, H,, CH4, CO, CO;, N, NO,, and O; on
the monolayer Ti,CO, using the first principal simulations. It was observed that the
adsorption energy of NH; on Ti,CO, decreased significantly due to biaxial strains.
When 3% biaxial strain is applied the adsorption, energy reaches to —0.51 eV indi-
cating an effective capture on Ti,CO, layer. In contrast, the adsorption energies of
other gases on Ti; CO, showed minor changes when biaxial strains were applied indi-
cating weak interaction. The work discloses preferable NHj3 adsorption over other
gases. The overall investigation revealed that Ti,CO, could be an excellent mate-
rial for detection, capture, separation, and storage of NHj3 gas. MXene composites
showed high sensitivity to a varied range of physical and chemical stimuli due to their
excellent physical, electrical, and optoelectronic properties. Therefore, an expected
surge and significant advancements are anticipated in the research area of MXene
composites as sensors.
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4.3.2.3 MXene Composites for Water Pollutant Remediation

MXene composites have emerged as a promising material for the catalytic and
destructive treatment of numerous conventional and recalcitrant water pollutants
[55]. As discussed in previous sections, the exceptional properties of MXenes such as
high specific surface area, electrical conductivity, and strong adsorption capabilities
enable their possible use in conventional and non-conventional wastewater treatment
techniques. They exhibit excellent adsorption capacity towards heavy metals, organic
compounds, and dyes. As discussed, MXene composite showed a strong response
in different photocatalytic reactions, hence, they have a tendency to be utilized in
advanced oxidation processes for efficient pollutant degradation.

For example, MXene composites have been used as photocatalysts for the degra-
dation of organic pollutants in water. The composites were able to efficiently absorb
visible light and produce reactive oxygen species, which can degrade a variety of
pollutants. Liu et al. [56] reported a sandwich-like Co;O4/MXene composite, synthe-
sized using a hydrothermal method. The authors reported that the composite exhibited
enhanced catalytic performance for the degradation of Bisphenol A in water, high-
lighting its potential as a heterogeneous catalyst in advanced oxidation processes. The
study found that the highest catalytic activity was achieved when the Co3;04 loading
was about 20%, outperforming both pure MXene and Co3Oy. The catalyst also exhib-
ited excellent stability, recoverability, and good catalytic performance across a wide
pH range and in the presence of anions (NO3;~ and Cl7). EPR and quenching tests
confirmed the presence of both SO,*~ and OH" radicals in the CMs/PMS system,
with SO, being the major oxidizing species. This discovery highlights the poten-
tial of MXene composite materials in the removal of organic pollutants and further
expands the application of MXene in environmental science. Similarly, Yin et al.
[57] reported novel ternary MXene composite catalyst material Cu, O/TiO,/TizC,,
which exhibited efficient and sustainable catalytic activity.

Furthermore, due to their higher specific surface area, MXene composites can act
as efficient adsorbents for the removal of different organic and inorganic contaminants
from water or direct sewage treatment. Mashtalir et al. [58] reported a high adsorption
capacity of Tiz;C,T, for cationic methylene blue dye preferentially due to surface
OH™ and hydrophilic nature. Some authors had specifically functionalized the surface
of MXene to enhance its adsorption capacity, alkalization with LiOH, NaOH, and
KOH was reported to take the adsorption capacity of Ti3Cs up to 189 mg/g. The
higher capacity was attributed to intercalation of methylene blue dye into alkalized
MXene.

MXene composites have shown a significant response for the treatment of different
types of pollutants. Their unique properties combined with versatility in electrical
and optical properties allow their usage for the efficient removal of targeted pollu-
tants such as PFAS from water. However, continued research and development in
the MXene research is important to lower the cost of production and strategies to
develop new thermodynamically viable composites to enhance the removal efficiency
in different water purification processes.
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4.4 Conclusion

In summary, the MXene composites have been utilized as catalytic and support mate-
rial in various types of reactions. These 2D materials have an excellent tendency to
act as storage and electrode materials in supercapacitor and battery applications
due to higher specific surface area, distinctive surface characteristics, and higher
conduction-based effective ion mobility. Moreover, in light-driven reaction, the
MXene composites can thrive to execute numerous uphill reactions such as water
splitting and CO; reduction. Their role as co-catalysts is worthy of being explored
in different biosensing applications. Due to the high specific surface area and excel-
lent surface characteristics, MXene composite are suitable options to replace the
conventional water treatment materials. In addition, these material composites could
prove productive in destructive removal of recalcitrant pollutant from wastewater
through simultaneous adsorption and advanced oxidation processes. Furthermore,
for future progress, a key focus is needed on the synthesis and optimization of MXene
composites to lower the cost of production and increase their catalytic efficiency.
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Chapter 5 ®
MXenes for Energy Harvesting e
and Storage Applications

Rameez Ahmad Mir, Amardeep Amardeep, and Jian Liu

5.1 Introduction

Energy harvesting plays a crucial role in fabricating and utilizing new clean energy,
self-powered electronic, and energy storage devices. Environmental pollution and
the energy crisis are the major concerns faced by society. To address these prevailing
issues, the need for new, clean, and renewable resources is increasing rapidly for
sustainable energy. Hydrogen energy derived from water (a renewable source) is
considered as a promising approach exhibiting a high-energy density and zero emis-
sion of toxic gases [1]. At the same time, the demand for self-powered microelec-
tronic devices is rapidly increasing for sustainable development and smart living.
For it, there is a need to develop micro-size efficient charge storage devices like
new-generation batteries and supercapacitors that have attained special attention all
over the globe to replace traditional bulk devices. Various materials and strategies
have been developed for energy harvesting depending on their chemical and physical
features. Among the developed materials, two-dimensional (2D) structures exhibiting
idiosyncratic structural, morphological, and surface characteristics appeared as the
potential source for energy production and storage devices. 2D materials, referring
to sheet-like structures or thin films, exhibit an atomic layer thickness and high
lateral dimensions [2]. MXenes, a special class of 2D transition metal carbides/
nitrides (TMCs/TMNs), appeared as attractive materials for energy harvesting due
to their unique physical and chemical properties. MXenes have the general formula
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Fig. 5.1 Energy harvesting
by MXene-based energy
devices

Triboelectric

M,+1 X, Tx, where M is transition metal, X is carbon or nitrogen, and T is a func-
tional group like fluorine, hydroxyl, or oxygen is a good source of energy harvesting
and storage [3, 4]. MXene-based materials are used for harvesting different energy
resources, as shown in Fig. 5.1.

Energy harvesting has a broader scope, so this chapter presents a perspec-
tive on using MXenes to harvest energy (production and storage) from different
environment-friendly renewable energy sources [5]. MXenes emerged as demanding
electrocatalyst materials for energy production, such as hydrogen fuel derived
from water (water electrolysis) through hydrogen evolution reaction (HER)/oxygen
evolution reaction (OER) and electrochemical energy storage (supercapacitors and
batteries) due to their excellent electronic conductivity, large specific surface area,
tuneable properties, and unique micrographical features [4, 6-8]. The typical elec-
trochemical energy production and storage applications of MXenes are shown in
Fig. 5.2.

The different characteristics and structural properties of MXenes, dependent on
the synthesis methodologies, which influence energy production and storage abil-
ities and have already been described [10]. Efforts have been made to investigate
and improve the performance of 2D materials, especially MXenes, due to poten-
tially prolonging Moore’s law in energy production and storage [11]. Along with
the unique chemical and physical properties of MXenes, a high population of active
electrochemical sites or electrochemical active surface area (ECSA) within a small
size and high mechanical stability widens their scope as electrocatalysts for hydrogen
production. The essential features of MXenes, responsible for their improved charge
storage performance, are high hydrophobicity and unique surface charge distribu-
tion [12]. The utilization of nanostructured MXenes gained special attention in
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Fig. 5.2 Essential energy harvesting applications of MXenes [with permission Ref. [9] 2022
American Chemical Society]

energy production and storage due to the improvement of the surface features at
the nanoscale and rapid operating mechanisms. The role of MXenes in hydrogen
production, supercapacitors, and batteries are discussed as follows.

5.2 MXenes for Hydrogen Production (HER/OER)

Currently, the maximum portion of the energy is generated from traditional fossil
fuels, and the reservoirs of these fossil fuels are diminishing. Moreover, the utilization
of these fossil fuels generates toxic gases, which affect the environment and cause a
critical issue of global warming. To address this problem, a global initiative is on the
rise seeking the use of natural (renewable) and clean energy alternatives to dimin-
ishing traditional resources. Various natural energy resources, such as solar, wind,
tidal, and biomass, are being explored for sustainable development. The regional
or seasonal factors affect the intermittent availability of these energy sources [13].
Among the available natural resources, water-derived hydrogen (H,) fuel exhibits
different advantages, such as high purity green fuel (zero emission of toxic gases).
Water electrolysis is considered as an efficient and suitable method for producing
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hydrogen either through HER or OER, as shown in Fig. 5.3a. HER at the cathode
(water reduction) and OER at the anode (water oxidation) in the water electrolyzer
systems are kinetically sluggish and require large overpotentials for water reduction/
oxidation, resulting in low energy efficiency. The electrocatalyst is vital in lowering
the water-splitting potential and enhancing efficiency. The prominent role of the
electrocatalyst in reducing the overpotential and energy barrier for HER and OER is
shown in Fig. 5.3b—c [14].

The theoretical potential to generate hydrogen from water is 1.23 V (Fig. 5.3c).
However, in practical applications, the required potential is higher than the theoretical
value due to the involvement of various resistances in the water electrolyzer systems
[14]. Different electrocatalyst species have been developed and tested to lower the
water oxidation and reduction potentials [16, 17]. To date, platinum (Pt) or Pt/C
and ruthenium oxide (RuQ,), and iridium oxide (IrO,) exhibited potential results for
efficient HER and OER, respectively. The lower abundance and high cost of noble
metal electrocatalysis limit their practical/commercial implications. Different metal
and non-metal electrocatalysts specie as substitutes to noble metals have been devel-
oped, such as transition metal (TM) oxides (TMOs), transition metal dichalcogenides
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Fig. 5.3 Schematics diagram of water electrolysis, a HER/OER processes, [with permission Ref.
[14] 2023 Elsevier] and b—c role of electrocatalyst in HER and OER [with permission Ref. [15]
2021 Springer]
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(TMDCs), TM carbides (TMCs), TM nitrides (TMNs), non-metal supported combi-
nations like graphene species, carbon nitride, and carbon supported electrocatalysts,
etc. [14, 18-21]. With advances in 2D material electrocatalysts, especially graphene,
graphene-like materials such as TMCs and TMNs showed potential to replace costly
noble metal electrocatalysts due to their higher carrier mobility and intrinsic layered
structure. One of the essential properties of TMCs and TMNSs, which makes them
attractive, is their similar electronic structure to noble metal elements like Pt and are
considered as a potential candidate to replace Pt and IrO,/RuQ; electrocatalysts in
HER and OER, respectively [22, 23]. To enhance the HER and OER activity and
stability of the TMCs/TMN:s, the 2D MXenes attained attention due to their excep-
tional intrinsic and extrinsic characteristics. The band structure of MXenes similar
to Pt (due to carbon incorporation in a metal lattice), a higher number of edge sites
and improved active sites due to attached functional groups on the surface, improved
the water-splitting performance. Different MXene species based on TM (Ti, Mo, and
V) have been developed and utilized as electrocatalyst candidates for HER and OER
[24-26]. Modifying the terminal ends of MXenes enhances the HER performance
by improving the conductivity and surface edge sites. For practical applications and
higher efficiency, the long-term stability of the electrocatalyst is the need of time.
Lim et al. [27] developed Mo,CTx MXene as a low cost, highly active, and stable
electrocatalyst for HER. The hybrid of Mo,CTx/2H-MoS, MXene revealed higher
stability and performance in an aqueous electrolyte. The synthesized hybrid electro-
catalyst requires an overpotential of 119 and 182 mV to yield a current density of 10
and 100 mA cm™2, respectively. The strong interfacial adhesion in the hybrid struc-
ture reduces the HER overpotential by tailoring the MXene sulfidation. Moreover,
the 2H-MoS, layer over MXene suppresses the oxidation of the MXene layers. It
restricts the excessive coverage or blockade of the active interfaces that improve the
charge transfer rate (high current density) without deterioration. The hybrid phase
exhibits exceptionally longer durability, up to 10 days/100,000 CV cycles without
degradation. The results revealed that in-situ sulfidation is a promising strategy for
creating intimate interfaces among different materials and TMDCs for widening their
scope in energy conversion systems. Anasori et al. [28] developed ordered double-
transition metal MXene Moy, Nby_,C3Tx MAX phases (0 < a < 0.3) with different
compositions as a suitable electrocatalyst for HER, as shown in Fig. 5.4.

Ordering bimetals (Fig. 5.4b—c) such as Mo (outer layer) and Nb (inner layer)
affects the HER activity. The synthesized MXene phase exhibits improved HER
activity (higher cathodic current) with respect to other MXene phases due to the
ordering of double TMs (Fig. 5.5a). The Moy,,Nb,_,C3Tx phase requires a lower
overpotential than other MXene phases with varying Nb content, as shown in
Fig. 5.5b. The said phase also outperforms the other electrocatalysts due to its lower
Tafel slope of 91 mV dec™! (Fig. 5.5¢), indicating improved charge transfer kinetics.

The influence of Mo and Nb content on conductivity and flake size (Fig. 5.5d)
revealed that the HER performance is not likely affected by the flake size, but the
occupancy of Mo and Nb (metal) sites plays a key role. The HER performance
hasn’t yet reached the level determined by costly Pt/C electrocatalysts. The avail-
ability of the MXene precursors (transition metals and carbon) on earth determines
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the potential use of MXenes as a cost-effective electrocatalyst in water electrolyzers.
Further modifications are required at both intrinsic and extrinsic levels to boost the
activity and stability of MXenes compared to noble metal electrocatalysts. Along
with HER in acidic electrolytes, electrocatalytic water splitting is preferred in alka-
line electrolyzers. However, the need for suitable electrocatalysts is still in demand
due to sluggish OER Kkinetics, a four-electron transfer reaction [29]. The hydrophobic
nature of the MXenes allows the coverage of OH™ ions on the surface-active sites,
which improves the formation of O, and the structural characteristics enhance the
ability of O, evolution [30]. Yan et al. [31] synthesized nine atomic layered reac-
tive surface modified (RSM) V4C3T, MXene. The surface modifications with the
different amorphous metal hydroxides (Ni, Fe, and V hydroxides) formed during the
in-situ process improve the inner skeleton’s stability (V4C3Tx) without disrupting
it. The synthesized nanohybrids exhibited higher OER stability for more than 70 h.
The exceptional HER/OER activity and stability of the MXene nanohybrids present
a significant step forward in exploring the MXenes as non-noble electrocatalysts for
water splitting. Various categories of MXenes have been developed and explored as
suitable electrocatalysts for HER and OER. The corresponding HER/OER perfor-
mance of these MXenes is given in Table 5.1, exhibiting better electrocatalytic prop-
erties than other metal/non-metal electrocatalysts. However, the relatively higher cost
due to typical synthesis procedures and a slightly higher overpotential than Pt/C still
restricts their potential applications in commercial systems. Efforts are being made
to synthesize them with easy and manageable strategies to improve their activity
higher than Pt/C. The further exploration and design modification of the MXene
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family contributes to the energy production application. Along with energy produc-
tion applications, the MXenes also revealed exceptional energy storage performance
in both supercapacitors as well in batteries, as discussed below.

5.3 MXenes for Supercapacitors

Supercapacitors, also known as ultracapacitors or electrochemical supercapacitors
(ESs), are special systems for energy storage due to their rapid charging character-
istics and high storage ability compared to conventional capacitors [10, 56, 57]. The
fast adsorption and desorption of electrolyte ions on the electrode surface exhibited
a higher efficiency than conventional capacitors. Figure 5.6 shows the basic design
of the supercapacitors.
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Table 5.1 Performance of different MXenes in HER and OER
Sample Reaction | Tafel Overpotential at Electrolyte | References
slope 10 mA cm™2 (mV)
(mV
dec™1)
MXene electrocatalysts for HER
Mo, CT, HER 74.0 | 189 0.5 mol/L. | [32]
H,>SO4
Ti3Co Ty HER 128.0 |538 0.5 mol/L | [33]
H,S04
F-terminated TipCT, HER 100.0 | 170 0.5 mol/L. | [34]
H,SO4
O-terminated TizC, Ty HER 60.7 | 190 0.5 mol/LL | [35]
H,SO4
V4C3T, HER 168.0 | 200 0.5 mol/LL. | [36]
H,>SO4
N-Ti,CT, HER 67.0 |215 0.5 mol/L. | [37]
H,>SO4
TizC, T, nanofibers HER 97.0 | 169 0.5 mol/L | [38]
H,S0O4
Nig9Coq.1 @Nb-TizC, T, | HER 116.0 [434 1.0 mol/L | [39]
KOH
Pt/TizC, T,-550 HER 323 | 327 0.1 mol/LL | [40]
HCIO4
TBA-Ti3C,T,-Pt-20 HER 85.0 |70 0.5 mol/L. | [41]
H,>SO4
Co**-CrCT, HER 112.0 |404 1.0 mol/L. | [42]
KOH
Co**-V,CT, HER 98.1 |460 1.0 mol/L.
KOH
Co**-Tir CT, HER 103.0 458 1.0 mol/L
KOH
Co-MoS; @Mo,CT, HER 82.0 |112 1.0 mol/L | [43]
KOH
PtNPs/TizC, T HER 59.54 | 226 0.5 mol/L | [44]
H,>SO4
MoS,-TizC; HER 40.0 | 110 0.5 mol/L. | [45]
H,S04
PtO,PdO,NPs@TizC, T, | HER 70.0 |57 0.5 mol/LL | [46]
H,SO4
MoS,/Ti3C, MXene@C | HER 450 135 0.5 mol/LL | [47]
H,S0O4
MoS,/TizC, Ty nanoroll | HER 70.0 | 168 0.5 mol/LL | [48]
H,>SO4

(continued)



5 MXenes for Energy Harvesting and Storage Applications 87

Table 5.1 (continued)

Sample Reaction | Tafel Overpotential at Electrolyte | References
slope 10 mA cm~2 (mV)
(mV
dec™1)
CoP@3D TizCy T, HER 58.0 | 168 1.0 mol/L | [49]
KOH
MXene electrocatalysts for OER
FeNi-LDH/Ti3C, T OER 43.0 |298 1.0 mol/L | [50]
KOH
Ti3C,T,-CoBDC OER 48.2 410 0.1 moVL | [51]
KOH
g-C3Ny/Ti3C, Ty, film OER 74.6 420 0.1 mol/L | [52]
KOH
Co-Bi/TizCy Ty OER 53.0 |250 1.0mol/L | [25]
KOH
S-NiFe;04 @Ti3C, @NF | OER 46.8 |270 1.0 mol/L | [53]
KOH
NiCoS/TizCy Ty OER 58.2 | 365 1.0 mol/L | [54]
KOH
Co>*-Ti,CT, OER 63.2 420 1.0 mol/L | [42]
KOH
PtO,PdO,NPs@Ti3C,T, | OER 78.0 |310 0.1 mol/L | [46]
KOH
Nig 7Feq3PS3 @ Ti3C,T, | OER 36.5 |282 1.0mol/L | [47]
KOH
Co/N-CNTs@TizC, Ty OER 79.1 |411 0.1 mol/L | [55]
KOH
CoP@3D TizCy Ty OER 51.0 280 1.0 mol/L | [49]
KOH

The essential features of supercapacitors are that they exhibit high power density
and long-term cyclic stability than traditional capacitors and batteries. Progress has
been made to improve the performance, especially the energy density of the ESs, by
developing suitable and stable electrode materials that enable the electron transfer and
ion diffusion process to occur rapidly and reversibly. On account of the energy storage
mechanism, ESs have been classified as electrochemical or electrical double-layer
capacitors (EDLCs), pseudocapacitors, and newly introduced hybrid supercapacitors
that store and release energy based on non-Faradic and Faradic interactions at the
electrode—electrolyte interface, respectively [59-61]. In the case of EDLCs, a double-
layer is formed between the ions in the electrolyte and the attracted electrons on the
electrode surface. In contrast, the charge is stored in pseudocapacitors by the rapid,
reversible Faradic reactions on the electrode surface. The adsorption of electrolyte
ions is very fastin EDLCs and the Faradic charge transfer during the pseudocapacitive
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e K* % SO,

Fig. 5.6 Schematic diagram of electrochemical MXene-based supercapacitor [with permission ref.
[58] 2021 American Chemical Society]

process is sluggish but stores more energy than EDLCs. The major drawback of the
ESs based on aqueous electrolytes is the small voltage window restricted by the ther-
modynamic stability of water [62]. The prevailing issues with charge storage devices
are the lower energy and power density exhibited by supercapacitors and batteries.
To overcome these drawbacks, hybrid supercapacitors (HSCs) combine the energy
storage mechanism revealed by the capacitors and batteries. HSCs consist of different
electrode materials, a battery or pseudocapacitors type anode and a capacitor type
cathode to improve energy and power density, respectively. Carbon-based electrodes
are common in EDLCs, pseudocapacitors, and HSCs. Carbon materials exhibiting
higher surface area act as electrodes for EDLCs revealing high power density, but
the energy density is still not comparable to batteries. Efforts have been made to
improve the energy density of ESs. The pseudocapacitors exhibited higher charge
transfer kinetics based on the redox reaction mechanism and enhanced the energy
density of the ESs. Advanced electrode materials are being searched and developed
with a high specific area, high conductivity, and rich redox sites that are highly desired
for developing high-performance supercapacitors [10]. To date, different categories
of electrodes have been developed, like carbon species, CNTs, mesoporous carbon,
carbon shells, transition metal oxides (TMOs), 2D materials like graphene species,
transition metal dichalcogenides (TMDCs), transition metal carbides (TMCs) and
transition metal nitrides (TMNs). The electrochemical charge storage ability of the
well-known 2D material (graphene) is finite due to the absence of redox reactions and
the main portion of capacitance arises due to EDLC mechanism. TMOs, especially
like MnO; and RuO, being pseudocapacitive materials, exhibited higher capacitance
and energy densities, but the cyclic stability is still lower than the carbon electrodes.
Among the developed materials, the 2D TMCs/TMDs, especially the MXenes, have
attained special attention as electrode materials for ESs due to a particular layered
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Fig. 5.7 Required features for MXene-based electrodes for energy storage

structure, faster electrolyte ion transport kinetics, and higher number of surface-
active redox sites [10]. Figure 5.7 shows the main characteristics of MXenes that
enhance the charge storage performance.

The distance between the layers of the MXene electrode forms the channels to
improve the ion transport favorable for EDLCs. However, the outermost TMO or the
functional groups on the surface layer provides redox-rich sites necessary for making
pseudocapacitive energy storage possible. The inner layer of TMCs in MXenes exhib-
ited excellent electron conductivity [57]. Various strategies have been followed to
improve the charge storage ability of MXenes, such as redesigning electrodes, regu-
lating surface functional groups, and controllable synthesis of the MXene phase
[63]. Moreover, the typical synthesis procedure of the MXenes still restricts their
potential applications in supercapacitor technology compared to carbon species and
other metal compounds. Different MXene species have been suggested based on
transition metals, but only a few have been practically synthesized [63—66]. Due
to the complex chemical composition and structure, the electrolyte ion interaction
of MXenes with different electrolytes (a combination of organic and aqueous elec-
trolytes) has not been explored yet. Among all MXenes, Ti;C, MXene is mostly
studied due to its higher stability and ease of fabrication [67]. Most of the studies
revealed that the supercapacitor performance of MXenes is highly dependent on
the layered structure and the functional groups on the surface [63]. For improved
energy storage in MXene-based supercapacitors, the O-terminated groups provide
more electrochemical reaction sites than the —OH and —F groups [68]. Xie et al.
[69] confirmed that the Li-ion storage ability of 2D MXenes depends on the surface
functional groups. The —OH groups are deliberately removed through heat treatment
or electrochemical reactions during the initial cycling (lithiation cycle). The lithiated
oxygen-terminated surfaces of MXenes are capable of absorbing more Li-ions and
provide a way to increase their capacity. The corresponding effects were observed in
the delaminated MXenes, through XAS and were also revealed by the DFT studies.
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The capacitance of the MXenes is mainly affected by the surface functional group
that influences the conductivity and hydrophilicity. The development of the surface
functional groups during the etching of the MAX phase brings hydrophilicity and
affects the electronegativity of the MXene surfaces [70]. The electrolyte ion inter-
action with MXene affects its structural features and performance. Lukatskaya et al.
[57] observed a downshift in the XRD pattern of Ti;C,Tx, which can be attributed
to an increase in the lattice parameter (c-axis of Ti3C,Tx) in the KOH electrolyte
solution. Similar results were observed in other electrolyte solutions due to cation
intercalation [71]. Gogotsi et al. [72] synthesized 13-pwm thick Ti3C,Tx MXene-
based electrochemical capacitors and achieved a gravimetric capacitance of 310
Fg~!in 3 M H,S0, solution. The highly ion-accessible MXene electrodes exhibited
higher capacitance than graphene and other commercial capacitors [73—77]. Modi-
fying the structural features of the MXene electrodes enhances the accessibility to
the redox-active sites. Mesoporous Ti;C,Tx MXene revealed a capacitance of 210
F g~! even at 10 mV s~!. The MXenes can deliver a ~1500 F cm™ capacitance
higher than state-of-the-art supercapacitor electrodes [73]. Agnese et al. [78] also
studied the influence of surface modifications on the supercapacitor performance of
Ti;C, MXene in an H,SO4 solution. The two-way chemically surface modification
of the Ti3C, MXene is given in Fig. 5.8. The resultant product d-Ti;C; (Fig. 5.8b) is
due to the delamination of layers and the functional group containing Ti;C, MXene
(Fig. 5.8c—d) resulting from the K* intercalation mechanism.

The enhancement of capacitance performance in the case of MXenes revealed by
the electrochemical testing was attributed to the higher number of oxygen-containing

(a) Delamination
DMSO + H,0

sonication

K* chemical
intercalation

LR L K*-Ti;C,(0),(OH),

Fig. 5.8 a Schematic representation of the modifications of Ti3C,Tx MXene, scanning electron
microscope (SEM) images of b Ti3C; Tx, ¢ KOH-Ti3C,, and d d-Ti3C; [with permission [78] 2014
Elsevier]
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functional groups. The CV plots of the synthesized material tested at 10 mV s~! are
shown in Fig. 5.9a. The concentrated electrolyte solution (1 M H,SO, electrolyte)
does not affect the lattice parameters of MXene due to the smaller size of H* ions
compared to K* ions. The delaminated d-Ti;C, exhibited a higher capacitance of 520
F cm—3 due to its thin electrode size and better charge transfer kinetics. However,
the d-Ti;C, MXene shows more dependency on the scan rate (Fig. 5.9b) due to the
alignment of flakes parallel to the current collector.

The functional group attached to Ti3C, Ty, responsible for redox reaction (pseu-
docapacitive) in acidic electrolytes, was also confirmed by broad peaks in the CV
curves. The transition metal (Ti in this case) in MXene can change its oxidation
states from 37 to 4* due to surface redox reactions. A long-term stability test (GCD
test) performed for MXenes (d-Ti3C, and KOH-Ti3C;) shows no degradation even
after 10,000 cycles (Fig. 5.9c—d). The results revealed that the surface modification
of 2D MXenes is essential for improving the energy storage performance of MXene-
based ESs. Zhou et al. [65] applied the DFT criteria to explore, design, and assemble
the Mo,CTx MXenes for supercapacitors. The supercapacitor performance of the
Mo,CTx MXene was investigated in various electrolytes such as 1 M H,SO4, KOH,
and MgSOy. The adsorption of hydrogen (H), potassium (K), and magnesium (Mg)
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Fig. 5.9 Electrochemical activity of Ti3C, MXene a CV profiles at 10 mV s~!'. b Summary of
rate performances. ¢ Charge and discharge volumetric capacitance versus cycle number of KOH—
TizC; and d-Ti3C; electrodes from galvanostatic cycling at 5 A g~ !. d Galvanostatic charge—
discharge profile of d-Ti3C, [with permission Ref. [78] 2014 Elsevier]
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on the surface of Mo,CTx MXene has been explored. The specific capacitance (70.14
Fg~!) obtained in 1 M H,SO, was more than that of KOH (11.27 Fg~!) and MgSOy4
(18.97 Fg~"). The Mo,CT, MXene shows a high retention rate of 89.9% (KOH), 96%
(MgSO0y,), and 98% (H,SO4) over 5000 cycles. After that, different MXene mate-
rials have been developed as supercapacitors based on the transition metal, electrode
type, and electrolyte [73, 79]. Along with pristine MXenes, the nanocomposite of
the MXenes has gained research attention as supercapacitor candidates due to the
improvement in the surface properties necessary for enhancing the storage perfor-
mance [79]. Luo et al. [64] explored that the tailoring of the interlayer spacing was
controlled in accordance with the intercalated agent. The morphological features of
the TizC, MXene before and after the pillaring process are shown in Fig. 5.10.

The SEM micrograph of CTAB @Ti;C; (Fig. 5.10a) showed the presence of some
irregular particles on the TizC, matrix, particularly the anchored CTAB. Almost
no particles were observed in the Sn(IV)@Ti;C, composites synthesized without
the CTAB prepillaring process (Fig. 5.10b). No clear particles can be detected in
the Sn(IV) nano complex assisted by CTAB prepillaring process (Fig. 5.10c—d).
The TEM image of CTAB—Sn(IV)@Ti;C, (Fig. 5.10e—f) shows that the Sn(IV)
nanocomplexes (dot-shaped) are uniformly distributed in the CTAB @Ti;C, matrix.
The particle size was reduced to 2-5 nm (Fig. 5.10f) due CTAB effect, acting as the
surfactant and the prepillaring agent [64, 80]. Figure 5.10g shows a clear layered
structure of the MXene complex, along with the uniform distribution of constituents
as observed in the mapping pattern (Fig. 5.10h—1i). The remarkable energy storage
performance of the developed MXene complex (CTAB—Sn(IV)@Ti;C,) was tested
as an anode in the hybrid capacitor with activated carbon (AC) as a cathode, as shown
in Fig. 5.11a.

The CV (Fig. 5.11b) plots performed at different scan rates in a wide voltage
window of 1.0-4.0 V show no electrolyte decomposition. The deflection from the
regular rectangular CV curve attributes to the redox reactions on the terminated
surface functional groups. The fabricated hybrid capacitor revealed an energy density
0f239.50 Whkg~! due to the pillaring effect. The results revealed that incorporation
of the CTAB—Sn(IV)@Ti;C, MXene anode with commercial AC cathode showed
a better rate capability necessary for higher energy and power density supercapac-
itors (Fig. 5.11c). The capacitance retention is outstanding till 4000 cycles with
negligible loss as shown in Fig. 5.11d. Moreover, along with the superior capac-
itance performance of MXenes, the other advantages such as atomic layer thick-
ness, exceptional hydrophilic properties, micro/nanoscale dimensions, and special
mechanical characteristics enable them (MXenes) to be converted into flexible elec-
trodes. The high conductivity of MXenes attributes to higher power density than
conventional semiconductor metal oxides and also provides a possible way to fulfill
the need for rapid charging materials. This led to the development of semiconductor-
type MXene-based supercapacitors. Qin et al. [§1] developed semitransparent flex-
ible photovoltaic supercapacitor (PSC) and transparent MXene supercapacitors by
incorporating a flexible organic photovoltaic (OPV) with Ti;C,Tx and bare Ti3C, Ty
MXene as the electrodes, respectively. The synthesis, morphological features, and
size of the developed flakes are shown in Fig. 5.12. MXene integration with a flexible
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Fig. 5.10 a SEM image of CTAB@Ti3C;. b SEM image of Sn(IV)@Ti3zC; without cetyltrimethy-
lammonium bromide (CTAB) prepillaring process. ¢—f SEM and TEM images of CTAB-
Sn(IV)@Ti3C;. Inset in (f): lateral size distribution of the anchored Sn(IV) nano complex. g—
i STEM image of CTAB-Sn(IV)@Ti3C; and corresponding elemental mapping of Ti and Sn [with
permission Ref. [64] 2017 American Chemical Society]

OPV photoelectrode as PSC exhibited an enhanced power conversion efficiency of
13.6%, higher than commercial indium tin oxide (ITO).

The transparent MXene-based supercapacitor exhibited a high volumetric capaci-
tance of 502 F cm™3 with improved stability up to 10,000 cycles. The supercapacitor
performance of the developed MXene at varying scan rates and applied currents is
shown in Fig. 5.13. The cyclic voltammetry (Fig. 5.13b) plots show the retention of
a nearly rectangular shape even at a higher scan rate (500 mV s~!), which revealed
the excellent reversible capacitive behavior of the electrode material. The results also
revealed the potential applicability of the developed material as efficient electrodes
for energy storage devices even at higher scan rates (>10 mV s~!). The symmetric
shape of the GCD curve (Fig. 5.13c) revealed that the charge/discharge process agrees
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Fig. 5.11 a The charging process of CTAB-Sn(IV)@Ti3zC,//AC lithium ion capacitor (LIC). b CV
curves of CTAB-Sn(IV)@Ti3C,//AC LIC at different scan rates. ¢ Typical charge—discharge curves
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American Chemical Society]
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Fig. 5.12 Synthesis of the TizC>T, MXene colloidal solution. a preparation of MXene from
the Ti3 AlC, precursor using the minimally intensive layer delamination (MILD) method. b Low-
magnification and ¢ high-magnification STEM images of single Ti3C, T, sheets dispersed onto a
lacy carbon grid. d AFM image of a TizC, T, single layer. e Top view SEM image of small-sized
Ti3C, T,. The Ti3C, T, flake size distributions f before and g after sonication [with permission Ref.
[81] 2017 (open access) Royal Society of Chemistry (RSC)]

with the CV results. The corresponding capacitance values dependent on the applied
current and scan rate are given in Fig. 5.13d.

The stability of the MXene supercapacitors was analyzed by performing GCD
measurements till 10,000 cycles, and the device shows a retention of 95% as that of
initial capacitance. The long-term durability (Fig. 5.13e) of the fabricated superca-
pacitor is attributed to the non-aqueous organic solid ionogel electrolyte. This type of
electrolyte overcomes the leakage issues faced in aqueous electrolytes. In addition,
the MXenes can form a flexible supercapacitor, as shown in Fig. 5.13f. The obtained
features like high-capacitance, long-term stability, and flexibility as different bending
angles show the promising applications of Ti3C, Ty Mxene as commercial superca-
pacitors. The developed PSC exhibited a high transmittance of over 33.5% and an
exceptional storage capacity of 88%. This strategy widens the scope of developing
the MXene-based, highly active, and stable flexible PSCs essential for printable
electronics for future technologies.
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Fig. 5.13 Electrochemical performances of transparent, flexible, solid-state supercapacitors based
on TizC, T, films. a Schematic illustration of a flexible solid-state supercapacitor based on spin
coating Ti3C, Ty MXene on polyethylene terephthalate (PET) sheets as electrodes and solid ionogel
as the electrolyte. b CV curves at various scan rates and ¢ galvanostatic charge/discharge (GCD)
curves at different current densities for the flexible solid-state device. d The volumetric capacitances
obtained from GCD and CV. e Long-term charge—discharge cycling performance and Coulombic
efficiency of the Ti3C,T,-based flexible solid-state device. Inset in (e): the typical GCD curves
upon cycling. f CV curves of the Ti3C, T, device bent to different angles at 50 mV s~ . Inset in (f):
optical image of the transparent flexible ultra-thin supercapacitor [with permission Ref. [81] 2017
(open access) Royal Society of Chemistry (RSC)]

5.4 MXenes for Batteries

The exploitation of fossil fuel reservoirs due to the expanded energy usage has
forced researchers to develop alternate energy generation technologies, such as
solar, water, and wind. Although the aforementioned promising renewable technolo-
gies remarkably contribute toward energy production; however, they are geograph-
ically intermittent. Thus, the urgency of the energy storage devices was realized,
which can efficiently function and power the required gadgets irrespective of the
geography and surrounding atmosphere. When discussing energy storage devices,
batteries, especially lithium batteries, have demonstrated superior electrochemical
performance over other alternatives. Despite the supremacy of lithium batteries,
they suffer from low natural abundance and safety aspects due to the hazardous
undesirable Li-dendrite formation. Thus, limiting their usage in high-energy density
lithium metal batteries. Therefore, the alternatives with huge profuse in earth’s crust,
such as monovalent, sodium (Na), potassium (K) batteries, and multivalent, magne-
sium (Mg), calcium (Ca), zinc (Zn), aluminum (Al) batteries, etc., required to be
extensively explored to cope with the pressing global demand.

In the above context, advanced material design is essential, which can store the
corresponding charged species, such as Li*, Na*, K*, Mg?*, Ca>*, Zn?*, and AI**,
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within its structure for respective metal-ion batteries. Graphite, carbonaceous, and
2D layered materials have been of great interest that are capable of reversibly storing
specific metal ions. For instance, graphite and its derivatives (graphene oxide, reduced
graphene oxide, graphene) are suitable for Li and K-ion batteries; however, they
cannot intercalate Na-ions due to specific layer spacing and higher activation energy.
Similarly, hard carbon is ideal for Na-ion batteries compared to the alternatives.
Therefore, significant efforts were devoted toward extensive research innovation to
develop a new class of 2D materials capable of intercalating the above-mentioned
ions for respective metal-ion batteries. Eventually, perseverance was attained in the
last decade by introducing a family of different 2D layered structured materials
like MXenes. The structure of the MXene phase can be tuned during the trans-
formation step of the etching of the MAX phase, which plays a vital role in its
application type. For example, smaller interlayer spacing suffices for intercalating
smaller ions, i.e., AI**, Lit*, Mg2+, 7Zn%* etc., for respective metal-ion batteries; in
contrast, larger ions, i.e., Na*, K*, Ca?*, etc. demand a larger interlayer spacing.
Therefore, the same MXene is not employable for each kind of metal-ion battery,
which necessitates the interlayer-cum-structure tuning of MXenes for applicability
in distinct metal-ion batteries due to their inherently intercalating demand. The
MXene’s (Mp4+1 X, Tx) structure can be tuned by introducing a combination of suit-
able early transition metal (M = Ti, V, Sc, Mo, etc.), carbon or nitrogen (X), the
functional groups (7, = O, F, OH, CI, etc.), and the process adopted, where M and
X support the 2D skeleton, and » and functional groups participate in tuning the
interlayer spacing. The process depends on structural and/or layer spacing modifi-
cation of MXenes for battery application, which is described in details in references
[82-84].

In the above structural and morphological context of MXenes, Greaves et al. [85]
have summarized the various shapes of MXenes, which can be transformed into
crumpled flocs, delaminated sheets, hollow spheres, nanoribbons, nanopillars, and
composites, according to the required applications for different metal-ion batteries.
Moreover, Ming et al. [84] have discussed the individual usage of modified MXenes
via structural engineering, regulating interlayer spacing, substitution, and surface
modification, forming their derivatives, and making hybrid composites for employing
them in suitable battery applications, such as single/alkali-ion batteries (i.e., Li*, Na*,
K*, etc.), multivalent-ion batteries (i.e., AI**, Mg?*, Zn*, etc.), and metal batteries.
The flexibility of interlayer tuning via employing different synthesis routes facili-
tates suitable ionic diffusion within its layered structure sans structural deterioration,
resulting in superior rate performance and better electrochemical cyclic stability. The
previously mentioned manipulatable property of MXenes makes them more suitable
electrodes, especially intercalation-type, than commercially used graphite or other
2D carbon materials for metal batteries. Another major difference between graphite
and MXene is their ion-storing potential. In graphite, the lithium-ion gets interca-
lated close to 0.1 V versus Li/Li*, which is vulnerable to Li-plating, raising serious
safety concerns. Whereas MXenes store lithium ions at around 0.5 V versus Li/Li*,
avoiding the possibility of lithium plating, thus, eliminating the safety risks. There-
fore, employing MXenes instead of graphite in lithium batteries improves the safety
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aspects; however, the cell voltage gets sacrificed due to the higher storing potential
of MXenes.

Electronic properties of electrode materials are also a key requirement or bene-
ficial factor and play a critical role in enhancing the electrochemical performance
of energy storage devices. In addition to higher ionic diffusion, MXenes exhibit
excellent electronic conductivity similar to its competitor graphene due to the avail-
able pool of electrons. Researchers have revealed that most of the MXenes have
metal-like electronic properties; however, they can be significantly tuned by surface
terminations or surface functional groups [86]. For example, TizC,(OH),, i.e., OH
functional group, exhibits a narrow band gap of 0.05 eV, whereas Ti;C,F>, i.e., F
functional group, exhibits a wide band gap of 0.1 eV [87]. Not only the surface
terminations but orbital hybridization of functional groups, viz., p orbitals and tran-
sitions metals’ d orbital could lead MXenes toward semiconductor behavior from
metallic behavior. Moreover, the transition metal M in MXenes is crucial in deliv-
ering the necessary electronic conductivity. For instance, substituting Ti with Mo
in titanium carbide-based MXenes transforms the metallic behavior into semicon-
ducting behavior. Therefore, the surface functional groups and their hybridization,
transition metals, and their arrangements could vastly alter the electronic conduc-
tivity and related properties. The superior electronic conductivity was attributed to
the highly aligned coplanar arrangement of MXene flakes/layers possessing metallic
free-electron density. The higher electronic conductivity of MXenes facilitates swift
electron transport and charge transfer within the electrodes and provides good elec-
trical connectivity, resulting in improved electrochemical performance, proving to
be a potential electrodes for electrochemical energy storage devices, i.e., batteries.

As per the above discussion regarding the suitability of MXenes in batteries, major
research focuses on employing MXenes via compositing with active anodes due to the
possibility of self-discharge from MXenes’ layers having larger interlayer spacing. In
this regard, synthesized MXene-anode composites are used in monovalent lithium-
ion and sodium-ion batteries, as shown in Fig. 5.14 [88, 89]. Figure 5.14a reveals the
SEM image of the as-prepared LiyTisOjp-MXene (Ti3C,Tx) composite, revealing
a clear laminated 2D layered flake-shaped morphology corresponding to Ti3C,Tx
MXene structure. Lis TisO;, has nucleated from the defect sites in the MXene, which
can be observed on the sides of the MXene layers. Such composite morphology was
attained by etching the MAX (Ti3 AlC;) phase with HF resulting in MXene (Ti3;C, Tx),
followed by treating MXene with LiOH in the presence of H,O, to obtain Liy TisO5-
MXene composite. A similar synthesis process was adopted by Huang et al. [89]
to achieve sandwich-type Nag»3TiO,-MXene (Ti3C;) composite by treating TizC,
MXene with NaOH and oxidant. The sandwich-type composite morphology is shown
inFig. 5.14b. The synthesized MXene composites were tested in lithium-ion half cells
to evaluate their performance. Figure 5.14c shows the cyclic voltammogram (CV)
of Liy TisO;,-MXene composite against pristine lithium in a half cell at various scan
rates viz., 0.2, 0.4, 0.8, 1, and 2 mV s~'. The CV curves demonstrate an excellent
rate capability due to negligible distortion of the CV profiles on varying the scan rate.
The superior rate performance corresponds to the unique morphological features and
the presence of MXene. The LisTisO1, particles are grown on the surface of MXene,
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thus, directly attached to them, and MXene is directly in contact with the electrolyte,
allowing easy facilitation of Li-ions from the electrolyte to MXene and LisTisO;
particles. Whereas MXene also facilitates fast electron conduction, resulting in an
interconnected path of electrons throughout the structure, enhancing the reaction
rate during intercalation/de-intercalation of Li-ions. Therefore, LisTisO;,-Mxene
composite exhibits both fast Li-ion diffusion and rapid electronic conduction, proving
superior rate performance. Similarly, Fig. 5.14d demonstrates the first three CV cycles
of sandwich-type Nag 23 TiO,-MXene composite at a scan rate of 1 mV s~!. Except
for the first cycle, which includes the formation of solid-electrolyte interphase (SEI),
the following cycles overlap with each other, revealing good reversibility. The long
galvanostatic cycling of LisTisO,-Mxene composite was evaluated, as shown in
Fig. 5.14e, which revealed a discharge capacity of 178 mAh g~ after 500 cycles
at a high current density of 5 A g~! with maintaining the Coulombic efficiency of
nearly 100%. This excellent electrochemical cycling stability was assigned to the
structural stability, unique morphology, minimal volume expansion, and rapid ionic
and electronic diffusion/conduction. The gradual rise in reversible capacity over the
cycling is due to the widening of the MXenes’ interlayer spacing via trapping Li-
ions and infiltration of non-coordinated solvent species. A similar observation was
made for sandwich-type Naj,3TiO,-MXene composite at the same current density
of 5A g’l, as shown in Fig. 5.14f. Furthermore, sandwich-type Nag 23 TiO,-MXene
composite was subjected to galvanostatic cycling against sodium (in a sodium-ion
half cell), as shown in Fig. 5.14g. The remarkable cyclic stability was attributed
to the above explanation. However, the size of Na-ion is larger than the Li-ions,
the expanded MXenes having more interlayer spacing can explain Na-ion storage,
which can successfully intercalate/de-intercalate larger Na-ions. Therefore, MXenes
or MXene-based composites can easily store monovalent or alkali metal ions for
alkali metal(ion) batteries with superior electrochemical performance.

MXenes have demonstrated the capability of storing monovalent alkali-ions and
possess the potential to intercalate multivalent ions, such as AI**, Mg”*, Zn?*, etc.,
for respective metal-ion batteries. For instance, Xu et al. [90] revealed the storage
of Mg?* ions by Ti3C, MXene via pre-storing a cationic surfactant (CTAB). Along
with the experimental shreds of evidence, theoretical simulations also verified that
the Mg-ion diffusion barrier could be reduced by intercalating CTA* cations. There-
fore, Mg-ions intercalation/de-intercalation between MXene layers gets significantly
improved, resulting in the volumetric capacity of 300 mAh cm~ at a current density
of 50 mA g~!. Moreover, Vahid Mohammadi et al. [91] employed MXenes for Al**
storage for high-capacity Al-ion batteries, as presented in Fig. 5.15. Figure 5.15a
revealed the typical MXene layered structure of V,CTy after etching the corre-
sponding MAX phase (V,AlC) with concentrated HF for 92 h at room temperature.
The galvanostatic potential profile (Fig. 5.15b) indicated a substantial irreversible
discharge capacity of about 335 mAh g~! at a current density of 10 mA g~!, which
corresponds to chloroaluminate anions’ dissolution and SEI formation. Post the first
cycle; the second discharge cycle delivered a specific capacity of about 178 mAh
g~ !, corresponding to V, Al »4CTy intercalated phase. Broad plateaus observed in the
potential profile indicated a wide interlayer spacing possessing a range of potential
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Fig. 5.14 aSEM image of Li4 TisO2-Mxene (TizC, Tx) composite. b SEM image of sandwich-type
Nag 23 TiO2-MXene (Ti3C;) composite. ¢ cyclic voltammograms of LisTisOj2-MXene composite
at different scan rates, viz., 0.2, 0.4, 0.8, 1, and 2 mV s~! for lithium-ion batteries (LIBs). d cyclic
voltammograms of sandwich-type Nag,3TiO2-MXene composite at a scan rate of 1 mV s~ ! for
LIBs. e galvanostatic cycling of LisTisO12-MXene composite at a high current density of 5 A
g~ ! for LIBs. f galvanostatic cycling of sandwich-type Nag3TiO2-MXene composite at a high
current density of 5 A g~! for LIBs. g galvanostatic cycling of sandwich-type Nag 23 TiO,-MXene
composite at a high current density of 2 A g~! for sodium-ion batteries (SIBs) [with permission
from Refs. [88, 89] Copyright 2018 Elsevier]

for intercalation/de-intercalation, which was confirmed with a cyclic voltammogram
(as shown in Fig. 5.15c), revealing the corresponding cathodic and anodic peaks.
Figure 5.15b clearly shows that there is a severe capacity decay over the cycling for
multilayer MXene. Therefore, by further treatment, MXene was modified to a few-
layer and subjected to electrochemical cycling (Fig. 5.15d, e). By transforming the
multilayer MXene into few-layer MXene, the rapid capacity decay was suppressed;
however, a gradual decay was observed, retaining a reversible capacity of 90 mAh
¢! after 100 cycles at a higher current density of 100 mA g~!. To evaluate the
fast-charging performance of few-layer MXene, a different protocol was employed
with a high charge current density of 1000 mA g~! and a low discharge current
density of 100 mA g~'. Even at this high charging rate, few-layer MXene was able
to retain a specific capacity of 76 mAh g~! after 100 revolutions (Fig. 5.15¢). There-
fore, the applicability of MXenes is not only limited to alkali metal batteries but
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Fig. 5.15 a SEM image of MXene (V,CTy), obtained by treating Vo, AIC MAX phase with 50% HF
for 92 h at room temperature. b initial galvanostatic potential profiles of multilayer V,CTx MXene
electrode against Al-metal anode at a current density of 10 mA g~!. ¢ cyclic voltammogram of
multilayer VoCTy MXene electrode at a scan rate of 0.1 mV s~ ! in a potential window of 0.1-1.8 V.
(V vs. AVAIP*). d galvanostatic cycling of few-layer V,CTy MXene electrode at a current density
of 100 mA g, e galvanostatic cycling of few-layer Vo,CTx MXene electrode at a charge current
density of 1000 mA g~! and discharge current density of 100 mA g~!, showing fast-charging
capability [with permission from Ref. [91] Copyright 2017 American Chemical Society]

also multivalent-ion batteries, metal-sulfur batteries, and metal batteries. However,
the research progress on multivalent-ion batteries, metal-sulfur batteries, and metal
batteries is limited. According to the current research progress, structure modifi-
cation, interlayer spacing tuning, surface or functional group substitution, transition
metal doping, and choice of synthesis process are a few strategies to enhance the prop-
erties of MXenes for an improvement in electrochemical performance for various
metal(ion) battery applications.

5.5 Conclusion

The material composition and architecture of MXenes widen the scope of their
utilization in energy conversion and storage devices. Their performance improve-
ment procedure (energy and power density) depends on the surface features. The
edge sites and the electronic band structure of MXenes enhance their water-splitting
performance to replace precious metal (noble metal) electrocatalysts in water elec-
trolyzer systems. The vertically aligned nanosheets of MXenes decrease the diffu-
sion resistance to enhance the supercapacitor performance. Moreover, the reversible
intercalation of various electrolyte ions in the expanded layers of MXenes makes
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them potential candidates for new-generation supercapacitors. The terminated func-
tional groups on the MXenes play an essential role in energy storage regarding ion
adsorption and ion diffusion barriers. With the good qualities of flexible morpholo-
gies, wide and tunable interlayer spacing, superior ionic diffusivity, higher electronic
conductivity, and reversible volume expansion, MXenes are capable of intercalating/
de-intercalate alkali-ions and multivalent ions due to their inherent large interlayer
spacing. The surface groups on the MXenes control the in-situ growth of active
species responsible for decreasing the charge—discharge process.

Despite the extensive efforts of researchers and promising qualities with excellent
electrochemical performance in supercapacitors and batteries, certain issues are still
prevailing in commercializing the MXenes, such as

1. Understanding the intercalation mechanism of multivalent ions. One has to
explore the relationship between the interlayer spacing and diffusion barrier.

2. Requirement of facile and innovative synthesis strategies and etching methods.
For instance, mostly HF is employed in etching the MAX phase to obtain
MXenes, which is unsafe and harmful for humans and the environment.

3. Toexplore the doping and defect engineering of MXene electrocatalyst for water-
splitting application. The potential doping (metal species) as redox sites in energy
storage systems is yet to be explored. The theoretical and experimental results
may provide a breakthrough energy and power density of MXene-based energy
conversion and storage devices.

References

1. L. Huo, B. Liu, G. Zhang, J. Zhang, Universal strategy to fabricate a two-dimensional layered
mesoporous Mo, C electrocatalyst hybridized on graphene sheets with high activity and dura-
bility for hydrogen generation. ACS Appl. Mater. Interfaces 8, 1810718118 (2016). https://
doi.org/10.1021/acsami.6b05007

2. H.Tao, Q. Fan, T. Ma, S. Liu, H. Gysling, J. Texter et al., Two-dimensional materials for energy
conversion and storage. Prog. Mater. Sci. 111, 100637 (2020). https://doi.org/10.1016/j.pma
ts¢i.2020.100637

3. M. Naguib, J. Halim, J. Lu, K.M. Cook, L. Hultman, Y. Gogotsi et al., New twodimensional
niobium and vanadium carbides as promising materials for Liion batteries partners 1-2 (2016).
https://doi.org/10.1021/ja405735d

4. Y. Wang, T. Guo, Z. Tian, K. Bibi, Y.Z. Zhang, H.N. Alshareef, MXenes for energy harvesting.
Adv. Mater. 34, 1-22 (2022). https://doi.org/10.1002/adma.202108560

5. J.Li, F. Zeng, J.K. El-Demellawi, Q. Lin, S. Xi, J. Wu et al., Nb,CTxMXene cathode for high-
capacity rechargeable aluminum batteries with prolonged cycle lifetime. ACS Appl. Mater.
Interfaces 14, 4525445262 (2022). https://doi.org/10.1021/acsami.2c09765

6. J.Liu, W. Peng, Y. Li, F. Zhang, X. Fan, 2D MXene-based materials for electrocatalysis. Trans.
Tianjin Univ. 26, 149-171 (2020). https://doi.org/10.1007/s12209-020-00235-x

7. R.Garg, A. Agarwal, M. Agarwal, A review on MXene for energy storage application: effect of
interlayer distance. Mater. Res. Express 7 (2020). https://doi.org/10.1088/2053-1591/ab750d

8. R.M. Ronchi, J.T. Arantes, S.F. Santos, Synthesis, structure, properties and applications of
MXenes: current status and perspectives. Ceram. Int. 45, 18167-18188 (2019). https://doi.org/
10.1016/j.ceramint.2019.06.114


https://doi.org/10.1021/acsami.6b05007
https://doi.org/10.1021/acsami.6b05007
https://doi.org/10.1016/j.pmatsci.2020.100637
https://doi.org/10.1016/j.pmatsci.2020.100637
https://doi.org/10.1021/ja405735d
https://doi.org/10.1002/adma.202108560
https://doi.org/10.1021/acsami.2c09765
https://doi.org/10.1007/s12209-020-00235-x
https://doi.org/10.1088/2053-1591/ab750d
https://doi.org/10.1016/j.ceramint.2019.06.114
https://doi.org/10.1016/j.ceramint.2019.06.114

5 MXenes for Energy Harvesting and Storage Applications 103

9.

10.

11.

12.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

S.T. Mahmud, M.M. Hasan, S. Bain, S.T. Rahman, M. Rhaman, M.M. Hossain et al., Multi-
layer MXene heterostructures and nanohybrids for multifunctional applications: a review. ACS
Mater. Lett. 4, 1174-1206 (2022). https://doi.org/10.1021/acsmaterialslett.2c00175

P. Das, Z.S. Wu, MXene for energy storage: present status and future perspectives. J. Phys.
Energy 2 (2020). https://doi.org/10.1088/2515-7655/ab9b1d

ER. Fan, W. Wu, Emerging devices based on two-dimensional monolayer materials for energy
harvesting. Research 2019, 1-16 (2019). https://doi.org/10.34133/2019/7367828

Z. Fu, N. Wang, D. Legut, C. Si, Q. Zhang, S. Du et al., Rational design of flexible two-
dimensional MXenes with multiple functionalities. Chem. Rev. 119, 11980-12031 (2019).
https://doi.org/10.1021/acs.chemrev.9b00348

. J. Song, C. Wei, Z.F. Huang, C. Liu, L. Zeng, X. Wang et al., A review on fundamentals for

designing oxygen evolution electrocatalysts. Chem. Soc. Rev. 49, 21962214 (2020). https://
doi.org/10.1039/c9¢s00607a

. R. Ahmad, S. Upadhyay, O.P. Pandey, A review on recent advances and progress in Mo,C@C:

a suitable and stable electrocatalyst for HER. Int. J. Hydrog. Energy (2022). https://doi.org/10.
1016/j.ijhydene.2022.12.179

. S. Wang, A. Lu, C.J. Zhong, Hydrogen production from water electrolysis: role of catalysts.

Nano Converge 8 (2021). https://doi.org/10.1186/s40580-021-00254-x

N. Yuan, Q. Jiang, J. Li, J. Tang, A review on non-noble metal based electrocatalysis for the
oxygen evolution reaction. Arab. J. Chem. 13, 4294-4309 (2020). https://doi.org/10.1016/j.ara
bjc.2019.08.006

S.M. Ibn Shamsah, Earth-abundant electrocatalysts for water splitting: current and future
directions. Catalysts 11 (2021). https://doi.org/10.3390/catal 11040429

H. Yuan, L. Kong, T. Li, Q. Zhang, A review of transition metal chalcogenide/graphene
nanocomposites for energy storage and conversion. Chin. Chem. Lett. 28, 2180-2194 (2017).
https://doi.org/10.1016/j.cclet.2017.11.038

Y.C. Kimmel, X. Xu, W. Yu, X. Yang, J.G. Chen, Trends in electrochemical stability of transition
metal carbides and their potential use as supports for low-cost electrocatalysts. ACS Catal. 4,
1558-1562 (2014). https://doi.org/10.1021/cs500182h

D.J. Ham, J.S. Lee, Transition metal carbides and nitrides as electrode materials for low
temperature fuel cells. Energies 2, 873—-899 (2009). https://doi.org/10.3390/en20400873

H. Yan, Y. Xie, Y. Jiao, A. Wu, C. Tian, X. Zhang et al., Holey reduced graphene oxide coupled
with an MopN-Mo, C heterojunction for efficient hydrogen evolution. Adv. Mater. 30 (2018).
https://doi.org/10.1002/adma.201704156

R.B. Levy, M. Boudart, Platinum-like behavior of tungsten carbide in surface catalysis. Science
181(80), 547-549 (1973)

J.S. Lee, S.T. Oyama, M. Boudart, Molybdenum carbide catalysts. J. Catal. 106, 125-133
(1987). https://doi.org/10.1016/0021-9517(87)90218-1

M. Naguib, O. Mashtalir, J. Carle, V. Presser, J. Lu, L. Hultman et al., Two-dimensional
transition metal carbides. ACS Nano 6, 1322-1331 (2012). https://doi.org/10.1021/nn204153h
J.Liu, T. Chen, P. Juan, W. Peng, Y. Li, F. Zhang et al., Hierarchical cobalt borate/MXenes hybrid
with extraordinary electrocatalytic performance in oxygen evolution reaction. Chemsuschem
11, 3758-3765 (2018). https://doi.org/10.1002/cssc.201802098

Z. Kang, M.A. Khan, Y. Gong, R. Javed, Y. Xu, D. Ye et al., Recent progress of MXenes
and MXene-based nanomaterials for the electrocatalytic hydrogen evolution reaction. J. Mater.
Chem. A 9, 6089-6108 (2021). https://doi.org/10.1039/d0tal1735h

K.R.G. Lim, A.D. Handoko, L.R. Johnson, X. Meng, M. Lin, G.S. Subramanian et al.,
2H-MoS;0n Mo,CTxMXene nanohybrid for efficient and durable electrocatalytic hydrogen
evolution. ACS Nano 14, 16140-16155 (2020). https://doi.org/10.1021/acsnano.0c08671
B.C. Wyatt, A. Thakur, K. Nykiel, Z.D. Hood, S.P. Adhikari, K.K. Pulley et al., Design of
atomic ordering in Moy Nb,C3Tx MXenes for hydrogen evolution electrocatalysis. Nano Lett.
(2023). https://doi.org/10.1021/acs.nanolett.2c04287

J. Abed, S. Ahmadi, L. Laverdure, A. Abdellah, C.P. O’Brien, K. Cole et al., In situ formation
of nano Ni—Co oxyhydroxide enables water oxidation electrocatalysts durable at high current
densities. Adv. Mater. 33 (2021). https://doi.org/10.1002/adma.202103812


https://doi.org/10.1021/acsmaterialslett.2c00175
https://doi.org/10.1088/2515-7655/ab9b1d
https://doi.org/10.34133/2019/7367828
https://doi.org/10.1021/acs.chemrev.9b00348
https://doi.org/10.1039/c9cs00607a
https://doi.org/10.1039/c9cs00607a
https://doi.org/10.1016/j.ijhydene.2022.12.179
https://doi.org/10.1016/j.ijhydene.2022.12.179
https://doi.org/10.1186/s40580-021-00254-x
https://doi.org/10.1016/j.arabjc.2019.08.006
https://doi.org/10.1016/j.arabjc.2019.08.006
https://doi.org/10.3390/catal11040429
https://doi.org/10.1016/j.cclet.2017.11.038
https://doi.org/10.1021/cs500182h
https://doi.org/10.3390/en20400873
https://doi.org/10.1002/adma.201704156
https://doi.org/10.1016/0021-9517(87)90218-1
https://doi.org/10.1021/nn204153h
https://doi.org/10.1002/cssc.201802098
https://doi.org/10.1039/d0ta11735h
https://doi.org/10.1021/acsnano.0c08671
https://doi.org/10.1021/acs.nanolett.2c04287
https://doi.org/10.1002/adma.202103812

104

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

R. A. Miret al.

M.P. Browne, D. Tyndall, V. Nicolosi, The potential of MXene materials as a component in the
catalyst layer for the oxygen evolution reaction. Curr. Opin. Electrochem. 34, 101021 (2022).
https://doi.org/10.1016/j.coelec.2022.101021

C.F. Du, X. Sun, H. Yu, W. Fang, Y. Jing, Y. Wang et al., V4C3Tx MXene: a promising active
substrate for reactive surface modification and the enhanced electrocatalytic oxygen evolution
activity. InfoMat 2, 950-959 (2020). https://doi.org/10.1002/inf2.12078

Z.W. Seh, K.D. Fredrickson, B. Anasori, J. Kibsgaard, A.L. Strickler, M.R. Lukatskaya et al.,
Two-dimensional molybdenum carbide (MXene) as an efficient electrocatalyst for hydrogen
evolution. ACS Energy Lett. 1, 589-594 (2016). https://doi.org/10.1021/acsenergylett.6b00247
A.D. Handoko, K.D. Fredrickson, B. Anasori, K.W. Convey, L.R. Johnson, Y. Gogotsi et al.,
Tuning the basal plane functionalization of two-dimensional metal carbides (MXenes) to
control hydrogen evolution activity. ACS Appl. Energy Mater. 1, 173-180 (2018). https://
doi.org/10.1021/acsaem.7b00054

S.Li, P. Tuo, J. Xie, X. Zhang, J. Xu, J. Bao et al., Ultrathin MXene nanosheets with rich fluorine
termination groups realizing efficient electrocatalytic hydrogen evolution. Nano Energy 47,
512-518 (2018). https://doi.org/10.1016/j.nanoen.2018.03.022

Y. Jiang, T. Sun, X. Xie, W. Jiang, J. Li, B. Tian et al., Oxygen-functionalized ultrathin Ti3C, Tx
MXene for enhanced electrocatalytic hydrogen evolution. Chemsuschem 12, 1368-1373
(2019). https://doi.org/10.1002/cssc.201803032

M.H. Tran, T. Schifer, A. Shahraei, M. Diirrschnabel, L. Molina-Luna, U.I. Kramm et al.,
Adding a new member to the MXene family: synthesis, structure, and electrocatalytic activity
for the hydrogen evolution reaction of V4C3Tx. ACS Appl. Energy Mater. 1,3908-3914 (2018).
https://doi.org/10.1021/acsaem.8b00652

Y. Yoon, A.P. Tiwari, M. Lee, M. Choi, W. Song, J. Im et al., Enhanced electrocatalytic activity
by chemical nitridation of two-dimensional titanium carbide MXene for hydrogen evolution.
J. Mater. Chem. A 6, 20869-20877 (2018). https://doi.org/10.1039/C8TA08197B

W. Yuan, L. Cheng, Y. An, H. Wu, N. Yao, X. Fan et al., MXene nanofibers as highly active
catalysts for hydrogen evolution reaction. ACS Sustain. Chem. Eng. 6, 8976-8982 (2018).
https://doi.org/10.1021/acssuschemeng.8b01348

C.F. Du, X. Sun, H. Yu, Q. Liang, K.N. Dinh, Y. Zheng et al., Synergy of Nb doping and surface
alloy enhanced on water-Alkali electrocatalytic hydrogen generation performance in Ti-based
MXene. Adv. Sci. 6, 1-7 (2019). https://doi.org/10.1002/advs.201900116

Z. Li, Z. Qi, S. Wang, T. Ma, L. Zhou, Z. Wu et al., In situ formed Pt3Ti nanoparticles on
a two-dimensional transition metal carbide (MXene) used as efficient catalysts for hydrogen
evolution reactions. Nano Lett. 19, 5102-5108 (2019). https://doi.org/10.1021/acs.nanolett.9b0
1381

Y. Yuan, H. Li, L. Wang, L. Zhang, D. Shi, Y. Hong et al., Achieving highly efficient catalysts for
hydrogen evolution reaction by electronic state modification of platinum on versatile TizC, Tx
(MXene). ACS Sustain. Chem. Eng. 7, 4266-4273 (2019). https://doi.org/10.1021/acssusche
meng.8b06045

S.Y. Pang, Y.T. Wong, S. Yuan, Y. Liu, M.K. Tsang, Z. Yang et al., Universal strategy for HF-
free facile and rapid synthesis of two-dimensional MXenes as multifunctional energy materials.
J. Am. Chem. Soc. 141, 9610-9616 (2019). https://doi.org/10.1021/jacs.9b02578

J. Liang, C. Ding, J. Liu, T. Chen, W. Peng, Y. Li et al., Heterostructure engineering of Co-
doped MoS; coupled with Mo, CTx MXene for enhanced hydrogen evolution in alkaline media.
Nanoscale 11, 10992-11000 (2019). https://doi.org/10.1039/c9nr02085¢

J. Filip, S. Zavahir, L. Lorencova, T. Bertok, A.B. Yousaf, K.A. Mahmoud et al. Tailoring elec-
trocatalytic properties of Pt nanoparticles grown on Ti3CoTx MXene surface. J. Electrochem.
Soc. 166, H54-H62 (2019). https://doi.org/10.1149/2.0991902jes

N.H. Attanayake, S.C. Abeyweera, A.C. Thenuwara, B. Anasori, Y. Gogotsi, Y. Sun et al.,
Vertically aligned MoS, on TizC» (MXene) as an improved HER catalyst. J. Mater. Chem. A
6, 16882-16889 (2018). https://doi.org/10.1039/c8ta05033¢

B. Cui, B. Hu, J. Liu, M. Wang, Y. Song, K. Tian et al., Solution-plasma-assisted bimetallic
oxide alloy nanoparticles of Pt and Pd embedded within two-dimensional Ti3C, Tx nanosheets


https://doi.org/10.1016/j.coelec.2022.101021
https://doi.org/10.1002/inf2.12078
https://doi.org/10.1021/acsenergylett.6b00247
https://doi.org/10.1021/acsaem.7b00054
https://doi.org/10.1021/acsaem.7b00054
https://doi.org/10.1016/j.nanoen.2018.03.022
https://doi.org/10.1002/cssc.201803032
https://doi.org/10.1021/acsaem.8b00652
https://doi.org/10.1039/C8TA08197B
https://doi.org/10.1021/acssuschemeng.8b01348
https://doi.org/10.1002/advs.201900116
https://doi.org/10.1021/acs.nanolett.9b01381
https://doi.org/10.1021/acs.nanolett.9b01381
https://doi.org/10.1021/acssuschemeng.8b06045
https://doi.org/10.1021/acssuschemeng.8b06045
https://doi.org/10.1021/jacs.9b02578
https://doi.org/10.1039/c9nr02085c
https://doi.org/10.1149/2.0991902jes
https://doi.org/10.1039/c8ta05033c

5 MXenes for Energy Harvesting and Storage Applications 105

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

as highly active electrocatalysts for overall water splitting. ACS Appl. Mater. Interfaces 10,
23858-23873 (2018). https://doi.org/10.1021/acsami.8b06568

C.F. Du, K.N. Dinh, Q. Liang, Y. Zheng, Y. Luo, J. Zhang et al., Self-assemble and in situ
formation of Nij_xFexPS3 nanomosaic-decorated MXene hybrids for overall water splitting.
Adyv. Energy Mater. 8, 1-9 (2018). https://doi.org/10.1002/aenm.201801127

J. Liu, Y. Liu, D. Xu, Y. Zhu, W. Peng, Y. Li et al., Hierarchical “nanoroll” like MoS,/Ti3C, Tx
hybrid with high electrocatalytic hydrogen evolution activity. Appl. Catal. B Environ. 241,
89-94 (2019). https://doi.org/10.1016/j.apcatb.2018.08.083

L. Xiu, Z. Wang, M. Yu, X. Wu, J. Qiu, Aggregation-resistant 3D MXene-based architecture
as efficient bifunctional electrocatalyst for overall water splitting. ACS Nano 12, 8017-8028
(2018). https://doi.org/10.1021/acsnano.8b02849

M. Yu, S. Zhou, Z. Wang, J. Zhao, J. Qiu, Boosting electrocatalytic oxygen evolution by
synergistically coupling layered double hydroxide with MXene. Nano Energy 44, 181-190
(2018). https://doi.org/10.1016/j.nanoen.2017.12.003

L. Zhao, B. Dong, S. Li, L. Zhou, L. Lai, Z. Wang et al., Interdiffusion reaction-assisted
hybridization of two-dimensional metal-organic frameworks and Ti3C, Tx nanosheets for elec-
trocatalytic oxygen evolution. ACS Nano 11, 5800-5807 (2017). https://doi.org/10.1021/acs
nano.7b01409

T.Y. Ma, J.L. Cao, M. Jaroniec, S.Z. Qiao, Interacting carbon nitride and titanium carbide
nanosheets for high-performance oxygen evolution. Angew. Chem. Int. Ed. 55, 1138-1142
(2016). https://doi.org/10.1002/anie.201509758

Y. Tang, C. Yang, Y. Yang, X. Yin, W. Que, J. Zhu, Three dimensional hierarchical network
structure of S-NiFe;O4 modified few-layer titanium carbides (MXene) flakes on nickel foam as
a high efficient electrocatalyst for oxygen evolution. Electrochim. Acta 296, 762-770 (2019).
https://doi.org/10.1016/j.electacta.2018.11.083

H. Zou, B. He, P. Kuang, J. Yu, K. Fan, Metal-organic framework-derived nickel-cobalt
sulfide on ultrathin MXene nanosheets for electrocatalytic oxygen evolution. ACS Appl. Mater.
Interfaces 10, 22311-22319 (2018). https://doi.org/10.1021/acsami.8b06272

Y. Zhang, H. Jiang, Y. Lin, H. Liu, Q. He, C. Wu et al., In situ growth of cobalt nanoparticles
encapsulated nitrogen-doped carbon nanotubes among Ti3C,Tx (MXene) matrix for oxygen
reduction and evolution. Adv. Mater. Interfaces 5, 1-9 (2018). https://doi.org/10.1002/admi.
201800392

T. Brousse, D. Bélanger, J.W. Long, To be or not to be pseudocapacitive? J. Electrochem. Soc.
162, A5185-A5189 (2015). https://doi.org/10.1149/2.0201505jes

M.R. Lukatskaya, S. Kota, Z. Lin, M.Q. Zhao, N. Shpigel, M.D. Levi et al., Ultra-high-rate
pseudocapacitive energy storage in two-dimensional transition metal carbides. Nat. Energy 6,
1-6 (2017). https://doi.org/10.1038/nenergy.2017.105

A. Sharma, P. Mane, B. Chakraborty, C.S. Rout, 1T-VS2/MXene hybrid as a superior electrode
material for asymmetric supercapacitors: experimental and theoretical investigations. ACS
Appl. Energy Mater. 4, 14198-14209 (2021). https://doi.org/10.1021/acsaem.1c02959

Z.S. Iroc, C. Subramani, S.S. Dash, A brief review on electrode materials for supercapacitor
11, 10628-10643 (2016). https://doi.org/10.20964/2016.12.50

J.R. Miller, Engineering electrochemical capacitor applications. J. Power. Sources 326, 726—
735 (2016). https://doi.org/10.1016/j.jpowsour.2016.04.020

S.A. Thomas, J. Cherusseri, A review of Nb, CTx MXene as an emerging 2D material: synthesis,
applications in rechargeable batteries and supercapacitors, progress, and outlook. Energy Fuels
(2023). https://doi.org/10.1021/acs.energyfuels.3c00503

M. He, K. Fic, E. Frackowiak, P. Novak, E.J. Berg, Ageing phenomena in high-voltage aqueous
supercapacitors investigated by in situ gas analysis. Energy Environ. Sci. 9, 623-633 (2016).
https://doi.org/10.1039/c5ee02875b

C. Wang, X. Wang, L. Zhang, L. Yin, MXene for high energy and power density: a perspective.
J. Phys. Energy 2 (2020). https://doi.org/10.1088/2515-7655/abab66

J. Luo, W. Zhang, H. Yuan, C. Jin, L. Zhang, H. Huang et al., Pillared structure design of
MXene with ultralarge interlayer spacing for high-performance lithium-ion capacitors. ACS
Nano 11, 2459-2469 (2017). https://doi.org/10.1021/acsnano.6b07668


https://doi.org/10.1021/acsami.8b06568
https://doi.org/10.1002/aenm.201801127
https://doi.org/10.1016/j.apcatb.2018.08.083
https://doi.org/10.1021/acsnano.8b02849
https://doi.org/10.1016/j.nanoen.2017.12.003
https://doi.org/10.1021/acsnano.7b01409
https://doi.org/10.1021/acsnano.7b01409
https://doi.org/10.1002/anie.201509758
https://doi.org/10.1016/j.electacta.2018.11.083
https://doi.org/10.1021/acsami.8b06272
https://doi.org/10.1002/admi.201800392
https://doi.org/10.1002/admi.201800392
https://doi.org/10.1149/2.0201505jes
https://doi.org/10.1038/nenergy.2017.105
https://doi.org/10.1021/acsaem.1c02959
https://doi.org/10.20964/2016.12.50
https://doi.org/10.1016/j.jpowsour.2016.04.020
https://doi.org/10.1021/acs.energyfuels.3c00503
https://doi.org/10.1039/c5ee02875b
https://doi.org/10.1088/2515-7655/abab66
https://doi.org/10.1021/acsnano.6b07668

106

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

R. A. Miret al.

H.He,J. Wang, Q. Xia, L. Wang, Q. Hu, A. Zhou, Effect of electrolyte on supercapacitor perfor-
mance of two-dimensional molybdenum carbide (Mo,CTyx) MXene prepared by hydrothermal
etching. Appl. Surf. Sci. 568 (2021). https://doi.org/10.1016/j.apsusc.2021.150971

Q. Zhu, J. Li, P. Simon, B. Xu, Two-dimensional MXenes for electrochemical capacitor appli-
cations: progress, challenges and perspectives. Energy Storage Mater. 35, 630-660 (2021).
https://doi.org/10.1016/j.ensm.2020.11.035

Y. Gogotsi, B. Anasori, The rise of MXenes. ACS Nano 13, 8491-8494 (2019). https://doi.org/
10.1021/acsnano.9b06394

M. Hu, T. Hu, Z. Li, Y. Yang, R. Cheng, J. Yang et al., Surface functional groups and interlayer
water determine the electrochemical capacitance of TizCo Tx MXene. ACS Nano 12,3578-3586
(2018). https://doi.org/10.1021/acsnano.8b00676

Y. Xie, M. Naguib, V.N. Mochalin, M.W. Barsoum, Y. Gogotsi, X. Yu et al., Role of surface
structure on li-ion energy storage capacity of two-dimensional transition-metal carbides. J. Am.
Chem. Soc. 136, 6385-6394 (2014). https://doi.org/10.1021/ja501520b

K. Maleski, V.N. Mochalin, Y. Gogotsi, Dispersions of two-dimensional titanium carbide
MXene in organic solvents. Chem. Mater. 29, 1632—-1640 (2017). https://doi.org/10.1021/acs.
chemmater.6b04830

M.R. Lukatskaya, O. Mashtalir, C.E. Ren, Y. Dall’ Agnese, P. Rozier, P.L. Taberna et al. Cation
intercalation and high volumetric capacitance of two-dimensional titanium carbide. Science
341(80), 1502—-1505 (2013). https://doi.org/10.1126/science.1241488

M. Naguib, V.N. Mochalin, M.W. Barsoum, Y. Gogotsi, 25th anniversary article: MXenes: a
new family of two-dimensional materials. Adv. Mater. 26, 992—-1005 (2014). https://doi.org/
10.1002/adma.201304138

J. Pang, R.G. Mendes, A. Bachmatiuk, L. Zhao, H.Q. Ta, T. Gemming et al., Applications of
2D MXenes in energy conversion and storage systems. Chem. Soc. Rev. 48, 72-133 (2019).
https://doi.org/10.1039/c8cs00324f

Y. Sun, Q. Wu, Y. Xu, H. Bai, C. Li, G. Shi, Highly conductive and flexible mesoporous
graphitic films prepared by graphitizing the composites of graphene oxide and nanodiamond.
J. Mater. Chem. 21, 7154-7160 (2011). https://doi.org/10.1039/c0jm04434b

A. Burke, R&D considerations for the performance and application of electrochemical
capacitors. Electrochim. Acta 53, 1083-1091 (2007). https://doi.org/10.1016/j.electacta.2007.
01.011

D. Pech, M. Brunet, H. Durou, P. Huang, V. Mochalin, Y. Gogotsi et al., Ultrahigh-power
micrometre-sized supercapacitors based on onion-like carbon. Nat. Nanotechnol. 5, 651-654
(2010). https://doi.org/10.1038/nnano.2010.162

M. Zhu, Y. Huang, Q. Deng, J. Zhou, Z. Pei, Q. Xue et al., Highly flexible, freestanding super-
capacitor electrode with enhanced performance obtained by hybridizing polypyrrole chains
with MXene. Adv. Energy Mater. 6 (2016). https://doi.org/10.1002/aenm.201600969

Y. Dall’ Agnese, M.R. Lukatskaya, K.M Cook, P.L.. Taberna, Y. Gogotsi, P. Simon, High capac-
itance of surface-modified 2D titanium carbide in acidic electrolyte. Electrochem. Commun.
48, 118-122 (2014). https://doi.org/10.1016/j.elecom.2014.09.002

A.Zhang, R. Liu, J. Tian, W. Huang, J. Liu, MXene-based nanocomposites for energy conver-
sion and storage applications. Chem. A Eur. J. 26, 6342-6359 (2020). https://doi.org/10.1002/
chem.202000191

M. Pramanik, V. Malgras, J. Lin, S.M. Alshehri, T. Ahamad, J.H. Kim et al., Electrochemical
property of mesoporous crystalline iron phosphonate anode in li-ion rechargeable battery. J.
Nanosci. Nanotechnol. 16, 9180-9185 (2016). https://doi.org/10.1166/jnn.2016.12883

L. Qin, J. Jiang, Q. Tao, C. Wang, 1. Persson, M. Fahlman et al., A flexible semitransparent
photovoltaic supercapacitor based on water-processed MXene electrodes. J. Mater. Chem. A
8, 5467-5475 (2020). https://doi.org/10.1039/d0ta00687d

L. Verger, C. Xu, V. Natu, H.M. Cheng, W. Ren, M.W. Barsoum, Overview of the synthesis of
MXenes and other ultrathin 2D transition metal carbides and nitrides. Curr. Opin. Solid State
Mater. Sci. 23, 149-163 (2019). https://doi.org/10.1016/j.cossms.2019.02.001


https://doi.org/10.1016/j.apsusc.2021.150971
https://doi.org/10.1016/j.ensm.2020.11.035
https://doi.org/10.1021/acsnano.9b06394
https://doi.org/10.1021/acsnano.9b06394
https://doi.org/10.1021/acsnano.8b00676
https://doi.org/10.1021/ja501520b
https://doi.org/10.1021/acs.chemmater.6b04830
https://doi.org/10.1021/acs.chemmater.6b04830
https://doi.org/10.1126/science.1241488
https://doi.org/10.1002/adma.201304138
https://doi.org/10.1002/adma.201304138
https://doi.org/10.1039/c8cs00324f
https://doi.org/10.1039/c0jm04434b
https://doi.org/10.1016/j.electacta.2007.01.011
https://doi.org/10.1016/j.electacta.2007.01.011
https://doi.org/10.1038/nnano.2010.162
https://doi.org/10.1002/aenm.201600969
https://doi.org/10.1016/j.elecom.2014.09.002
https://doi.org/10.1002/chem.202000191
https://doi.org/10.1002/chem.202000191
https://doi.org/10.1166/jnn.2016.12883
https://doi.org/10.1039/d0ta00687d
https://doi.org/10.1016/j.cossms.2019.02.001

5 MXenes for Energy Harvesting and Storage Applications 107

83.

84.

85.

86.

87.

88.

89.

90.

91.

S. Liu, Z. Song, X. Jin, R. Mao, T. Zhang, F. Hu, MXenes for metal-ion and metal-sulfur
batteries: synthesis, properties, and electrochemistry. Mater. Rep. Energy 2, 100077 (2022).
https://doi.org/10.1016/j.matre.2021.100077

F. Ming, H. Liang, G. Huang, Z. Bayhan, H.N. Alshareef, MXenes for rechargeable batteries
beyond the lithium-ion. Adv. Mater. 33, 1-35 (2021). https://doi.org/10.1002/adma.202004039
M. Greaves, S. Barg, M.A. Bissett, MXene-based anodes for metal-ion batteries. Batter
Supercaps 3, 214-235 (2020). https://doi.org/10.1002/batt.201900165

Q. Tang, Z. Zhou, P. Shen, Are MXenes promising anode materials for Li ion batteries? Compu-
tational studies on electronic properties and Li storage capability of Ti3C, and TizCo X, (X =
F, OH) monolayer. J. Am. Chem. Soc. 134, 16909-16916 (2012). https://doi.org/10.1021/ja3
08463r

M. Naguib, M. Kurtoglu, V. Presser, J. Lu, J. Niu, M. Heon et al., Two-dimensional nanocrystals
produced by exfoliation of TizAlC,. Adv. Mater. 23, 4248-4253 (2011). https://doi.org/10.
1002/adma.201102306

J. Wang, S. Dong, H. Li, Z. Chen, S. Jiang, L. Wu et al., Facile synthesis of layered Lis Ti5O2-
Ti3C,Tx (MXene) composite for high-performance lithium ion battery. J. Electroanal. Chem.
810, 27-33 (2018). https://doi.org/10.1016/j.jelechem.2017.12.079

J.Huang, R.Meng, L. Zu, Z. Wang, N. Feng, Z. Yang et al., Sandwich-like Nag 23 TiO2 nanobelt/
Ti3C, MXene composites from a scalable in situ transformation reaction for long-life high-rate
lithium/sodium-ion batteries. Nano Energy 46, 20-28 (2018). https://doi.org/10.1016/j.nanoen.
2018.01.030

M. Xu, S. Lei, J. Qi, Q. Dou, L. Liu, Y. Lu et al., Opening magnesium storage capability of
two-dimensional MXene by intercalation of cationic surfactant. ACS Nano 12, 3733-3740
(2018). https://doi.org/10.1021/acsnano.8b00959

A. Vahidmohammadi, A. Hadjikhani, S. Shahbazmohamadi, M. Beidaghi, Two-dimensional
vanadium carbide (MXene) as a high-capacity cathode material for rechargeable aluminum
batteries. ACS Nano 11, 11135-11144 (2017). https://doi.org/10.1021/acsnano.7b05350


https://doi.org/10.1016/j.matre.2021.100077
https://doi.org/10.1002/adma.202004039
https://doi.org/10.1002/batt.201900165
https://doi.org/10.1021/ja308463r
https://doi.org/10.1021/ja308463r
https://doi.org/10.1002/adma.201102306
https://doi.org/10.1002/adma.201102306
https://doi.org/10.1016/j.jelechem.2017.12.079
https://doi.org/10.1016/j.nanoen.2018.01.030
https://doi.org/10.1016/j.nanoen.2018.01.030
https://doi.org/10.1021/acsnano.8b00959
https://doi.org/10.1021/acsnano.7b05350

Chapter 6 ®)
Implementation of MXenes for Water i
Treatment

Aadil Bathla

6.1 Introduction

Rapid industrialization and irrigation consume a lot of water. It is accompanied by
the release of various toxic organic pollutants (e.g., dyes, pesticides, pharmaceuticals
and personal care products (PCPs), and other hydrocarbons) [1]. To date, numerous
techniques have been employed (e.g., adsorption, membrane separation, coagulation,
and catalytic oxidation) to treat wastewater. A wide variety of catalytic materials
like carbon (graphene oxide (GO), carbon nanotubes, C-dots), metal oxides (e.g.,
TiO;, ZnO, and MnO,), zeolites, and polymers have been utilized for the wastewater
treatment [2, 3]. However, the practical application of these materials has not gener-
ally been acknowledged due to their operational challenges (e.g., a broad bandgap
(3.2 eV) and rapid recombination of e~ /h* pairs) and deactivation issues (e.g., partial
oxidation and deposition of coke and intermediates on active catalytic sites) [2, 4].

MXenes, a newly discovered family of 2D materials, have recently attracted much
attention due to their fascinating physicochemical features [5, 6]. The exfoliation of
the MAX phase precursor typically results in the formation of MXenes. The standard
chemical formula for the MAX phase is M, AX,, where M corresponds to early
transition metals (e.g., Ti, Mo, and Cr), X might be carbon (C), nitrogen (N), or a
mixture of two and A stands for elements from group 3A or 4A (e.g., Al, Si, B,
Se) [7, 8]. The distinctive structural and compositional characteristics of MXenes
make them potential candidates for diverse applications e.g., degradation [9], water
splitting [10], carbon capture [11], sensing [12], CO, reduction [13], and N, fixation
[14].

The present book chapter highlights the recent advances made in the MXene-
based material for the treatment of water along with the discussion on their catalytic
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mechanisms. Lastly, the current challenges and prospects in the treatment of wastew-
ater have been discussed with respect to their scalability for real-world applications.
Accordingly, this chapter is anticipated to explore the way forward in developing an
effective MXene-based catalytic system for water purification.

6.2 Utilization of MXenes in Water Treatment

6.2.1 Removal of Heavy Metal Ions

The heavy metal ions (e.g., Hg?*and Pb%*) released from various industries (e.g.,
paint, mining, and electronic industries) pose serious threats to the surface and
subsurface environments [8]. Due to their high toxicity and non-biodegradability,
heavy metal ions can be quickly accumulated with living organisms, causing long-
term damage to humans and other species [15]. In this regard, the utility of magnetic
MXene (MGMX) nanocomposite synthesized via hydrothermal approach using iron
oxide (e.g., Fe;O3) nanoparticles and Ti3C, Ty is vividly explored [16]. The MGMX
showcased high adsorption capacity of 1128.4 mg/g for Hg?* ions, attributed to
the existence of negatively charged surface functional groups (e.g., =O and OH
groups) [16] (Fig. 6.1). Similarly, molybdenum disulfide (MoS,)-functionalized
MXene demonstrated enhanced adsorption capacity (1435.2 mg/g) for Hg?* ions
[17]. The adsorption of Hg2+ onto MoS,/MX-II can occur via two distinct ways: (1)
the development of a Hg—O complex with O,; and (2) direct adsorption of Hg?* onto
MoS,; surfaces through Hg-S ionic interactions [17]. The silane-modified MXene
(Ti3C,T,—KH570) demonstrated higher adsorption capacity (147.29 mg/g) for Pb**
relative to pristine Ti3C, Ty (48.28 mg/g). The higher adsorption of Pb?* is attributed
to the presence of hydroxyl and carbonyl groups in TizC,Tx and KH570 (methacry-
loxypropyl chain) [18, 19]. Additionally, the introduction of KH570 into the multi-
layered framework of TisC,Ty increases the separation between different layers to
enhance the adsorption of Pb** ions [18]. Similarly, the utility of amine (NH;) func-
tionalized MXene was evaluated for the adsorption of Pb* ions (384.63 mg/g). The
improved adsorption for Pb?* ions arises from the surface complexation of amine
and hydroxyl groups [18].

6.2.2 Anion Removal

In addition to the adsorption of heavy metal ions, the utility of MXene-based material
has been investigated for the removal of negatively charged ions (e.g., Cr (VI)). For
instance, Ti3C, coupled with TiO, demonstrated ~99% removal efficiency for Cr
(VI) in acidic conditions (pH = 2) [20]. At low pH, the higher concentration of H*
ions significantly promotes the reduction of Cr (VI) to less hazardous Cr (III) onto
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Fig. 6.1 Schematic for the synthesis and Hg* ion removal using MXene. Reprinted with permission
© Elsevier 2018 [16]

the Ti3C,/TiO, surface through the formation of Ti-C-Cr (III) covalent bond [20]
(Fig. 6.2). Similarly, Ti;C,Tx nanosheets demonstrated higher efficiency (250 mg/g)
for the removal to toxic Cr,072~ anion. The higher removal efficiency is attributed to
the presence of surface hydroxyl group on Ti3;C, Ty nanosheets, resulting in the effec-
tive electrostatic interactions between Cr,07>~ and Ti3;C,Tx nanosheets [21]. Simi-
larly, the MXene-based polyelectrolyte nanocomposite (PDDA) showcased higher
efficiency (363 mg/g) for the removal of perrhenate anion (Re (VII)) [22]. The intro-
duction of poly(diallyldimethylammonium chloride, PDDA) into the framework of
Ti,CTx enhances the adsorption of (Re (VII)) onto the surface of Ti;C, Ty to accel-
erate its reduction to (Re(VIDO?™) amorphous ReO, (Fig. 6.3) [22]. In addition,
the utility of Ti;C, Ty modified with a glassy carbon electrode was evaluated for the
detection and reduction of bromate ions (BrO; ™) to Br~ [8].

6.2.3 Dye Removal

A good number of MXene-based composites have been explored for the photocat-
alytic degradation of dyes. MXenes, due to their advantageous plasmonic properties
(e.g., light harvesting efficacy, high electron density, and effective separation of
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Fig. 6.2 Schematic for the removal of Cr(VI) ion using Ti3Cy/TiO, MXene. Reprinted with
permission © Elsevier 2020 [20]
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Fig. 6.3 Schematic for the removal of Re(IV) ion using TioCTx modified with PDDA aerogel.
Reprinted with permission © ACS 2019 [22]

charge carry and easy combination with another photocatalyst can develop efficient
heterojunction systems for the photodegradation of dyes [8]. For instance, the Ti3;C,
coupled with 001 faceted TiO, exhibited enhanced photocatalytic degradation of
methyl orange (MO) dye with the kinetic rate of 18.8 min~!/g [23]. Under visible-
light exposure, Ti3C, served as electron tapping sites to prolong the separation of
photogenerated charge carriers (e”—h™). As a result, the electron-rich TiO; interacts
with surface adsorbed O, and H,O molecules to form reactive oxygen species (ROS,
OH™ and O, ™) (Fig. 6.4) [23]. These ROS species react with adsorbed dye molecules
to mineralize them into CO, and H, O. The catalytic efficiency of Ti3C, Tx—TiO, deco-
rated with black phosphorus was investigated for the removal of rhodamine-B (RhB)
(99%) and tetracycline hydrochloride (93%) under visible light [24]. The synergy
interactions between black phosphorus and TizC, Tx—TiO; significantly suppress the
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Fig. 6.4 Morphology and mechanism for photodegradation of organic dye using Ti3C, modified
with {001} TiO,. Reprinted with permission © ACS 2016 [23]

recombination of photo-excited charge carries to enhance the photodegradation effi-
ciency of black phosphorus-coated Ti3C, Tx—TiO; [24]. Similarly, the introduction of
CeO; onto Ti;C, nanosheet significantly improves the photodegradation efficiency
(75%) relative to pristine TizC, (63%) and CeO, (24%) [25]. The utility of Fe,O3
coupled with TizC, was investigated for the removal of different organic dyes, e.g.,
MO, methylene blue (MB), and congo red (CR). The Fe,03/Ti3C, showcased higher
degradation efficiency (94%) even after five successive cycles [26].

6.2.4 Removal of Organic Pollutants

In addition to the degradation of dyes, the MXene-based materials have been utilized
for the removal of different pharmaceuticals and PCPs. For instance, CoFe,04
coupled with @Ti;C, Ty was examined for the degradation of naproxen (99%) [27].
This resulted in higher degradation efficiency of CoFe,04/TizC,Tx. The unique
accordion-like structure of TizC,Tx provides an efficient area for the immobilization
and dispersion of CoFe,O4 NPs. As a result, the incorporation of CoFe,Oy signifi-
cantly boosted the degradation efficacy of Ti3C, Ty through the formation of active
sulfate and hydroxyl radicals [27]. Similarly, the catalytic efficiency of single atom
Co supported over 2D Ti, AIN substrate was investigated for the removal of different
organic pollutants (e.g., carbamazepine, sulfamethoxazole, and 2,4-dichlorophen)
[28]. The Ti atoms in Ti> AIN accelerate the Co>*/Co?* reduction cycle to enhance the
degradation of organic pollutants through peroxymonosulfate activation (Fig. 6.5).
The CuO decorated MXene was evaluated for the photocatalytic degradation of carba-
mazepine [28]. Introducing CuO onto MXene considerably improves the degradation
efficiency of MXene by promoting the formation of sulfate and hydroxyl radicals
[28].
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Fig. 6.5 Schematic of the reaction mechanism of PMS/Co@Ti, «xN. Reprinted with permission ©
Elsevier 2021 [28]

6.3 Factors Affecting the Performance of MXenes

The performance of MXene-based materials can be significantly influenced by
several operational parameters such as pH, catalyst dosage, oxidant concentration,
reaction temperature, intensity of light, co-existing ions, and stability [29]. There-
fore, the present section discusses the effect of different operational parameters on
the catalytic proficiency of MXene-based materials.

6.3.1 Effect of pH

The pH of the solution has a significant role in the catalytic degradation of organic
pollutants present in the wastewater. The pH of the solution considerably influences
the formation of active surface radicals, adsorption, and dissociation of pollutant
molecules onto the surface of the MXene-based photocatalyst [30]. In persulfate-
based systems, the primary reactive species are SO4" (pH 2-7), SO4" and HO® (pH
7-10), and HO® (pH > 10) [31]. It has been observed that the rate of decomposition of
peroxydisulfate varies slightly at pH 3—10, but it accelerates at pH < 3 or pH > 10 [32].
Under acidic conditions, the protonation of surface active groups increases, which
in turn enhances the adsorption of anionic pollutants toward the positively charged
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MXene-based catalyst. The low pH of the solution also facilitates the leaching of
metal ions to enhance the catalytic process. However, this process increases the
instability of the catalyst [29]. The pH of the solution also affects the dissociation
of organic pollutants. For instance, the equilibrium dissociation constant (pK,) of
different pollutants was observed as tetracycline (3.3 (pKa;), 7.7 (pKy2), and 9.7
(pKa3)), sulfamoxazole (1.6 (pK,;) and 5.7 (pKy2)), and rhodamine-B (3.1 (pK,;))
[29].

6.3.2 Effect of Catalyst Amount

Generally, the photocatalytic degradation of organic pollutants is directly propor-
tional to the catalyst dosage. The increase in the amount of catalyst provides more
exposure to the active sites to facilitate the absorption of photons [29, 33]. As aresult,
under exposure to light irradiations, the formation of ROS (OH™ and O, radicals)
increases, which in turn accelerates the mineralization of organic pollutants. For
instance, the increase in dosage of catalyst (MXene-based photocatalyst) from 0.3
to 1.2 g/L, significantly increases the reaction rate from 10.04 x 1072 to 26.60 x
102 min—!, respectively [34]. However, it has been observed that the reaction rate is
proportional to catalyst dosage up to a certain limit. The excessive increase in catalyst
dosage results in the consumption of oxidants to generate ROS and a reduction in
the catalytic performance is observed [29].

6.3.3 Effect of Oxidant Concentration

The oxidant concentration considerably affects the catalytic efficiency of MXene-
based materials for the degradation of organic pollutants in wastewater [29]. For
instance, the catalytic efficiency of Fe;O4-loaded Ti;C, MXene for the degradation
of organic dyes increases with an increase in the concentration of H,O, from 10
to 90 mmol/L [35]. Similarly, the Ti;C, decorated with spinel cobalt ferrite show-
cased enhancement in the catalytic efficiency for naproxen when the concentration
of persulfate increased from 0.4 to 0.6 mM attributed to the increased formation
of ROS [27]. However, the excessive oxidant concentration also endows a negative
impact on the catalytic efficiency of MXenes. Therefore, it is important to deter-
mine the optimum concentration of catalyst and oxidant for the efficient treatment
of wastewater using MXene-based materials [36].
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6.3.4 Effect of Temperature

The reaction temperature has a considerable impact on the catalytic efficiency of
MXene-based material utilized in the Fenton-like process [29, 37]. For instance,
nZVI@Ti;C,/H,O, was investigated for the degradation of ranitidine. It was
observed that the reaction rate increased from 3.89 x 107 to 7.68 x 102 as the reac-
tion temperature increased from 15 to 35 °C, respectively [38]. The higher temper-
ature boosted up the formation of ROS through the decomposition of S;0g>~ and
HSOs5™, resulting in improved catalytic efficiency for ranitidine degradation [39].

6.3.5 Effect of Co-existing Ions

The presence of different co-existing ions in the wastewater significantly influences
the catalytic performance of MXene-based materials. In addition, humic acid is the
major component of natural existing organic matter in the water sources [29]. The
presence of Cl—, HPO42~, HCO;~, and humic acid is reported to have a signifi-
cant effect on the catalytic efficiency of Ti;C,-coated polyurethane sponge for the
degradation of carbamazepine [40]. Similarly, HCO;~ and humic acid considerably
retreaded the catalytic efficiency of Fe,CoTizO,9-MXene for the degradation of 2,4-
dichlorophenoxyacetic acid [33]. The inhibiting effect of co-existing ions and organic
matters is attributable to the (i) competitive adsorption onto the active sites, (ii) inter-
actions between hydroxyl radicals and co-existing ions, (iii) slow decomposition of
persulfate to active species [41, 42].

6.4 Conclusion and Future Prospects

MXenes have a remarkable potential for use in environmental applications, particu-
larly in wastewater treatment. The tunable structures, exciting physiochemical prop-
erties, distinctive morphology, and compositional diversity characteristics make them
capable of removing various contaminants, such as heavy metals, inorganic ions, and
organic dyes. The present book chapter highlights the recent advances achieved in
the applicability of diverse MXene-based materials. A large number of studies have
been carried out that account for the applications of MXenes in wastewater treat-
ment. However, some constraints still need to be solved to enhance the utility of
MXene-based material for real-world applications.

Several by-products are produced during the catalytic elimination of organic dyes.
Sometimes these by-products are considerably more toxic than the original pollution.
In addition, the production of steady by-products can help speed up the deactivation
of the MXene-based catalyst. Consequently, in the future, a larger emphasis should
be given to the research of the actual degradation mechanism for MXene-based
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materials for the real-time measurement of intermediates and by-products formed
during the catalytic processes.

Further research into the rational design of catalysts based on MXene is needed.
The catalytic characteristics of MXenes can be enhanced through careful control of
their surface shape and surface terminations. In this regard, effective strategies should
be built to boost the catalytic efficiency through the diverse routes of modification
(e.g., coupling with different semiconductors, facet modification, impurity doping,
and coupling with the porous organic framework). The introduction of iron and
copper on the MXenes surface or inside the layered structure promises to improve
catalytic performance. The advantages of low-cost and high-efficiency transition
metal-based catalysts can make them a popular choice for heterogeneous catal-
ysis. The anchoring hetero component efficiently restrains the stacking of MXenes
nanosheets, elemental doping and anchoring active components like metal oxides
are also useful ways for enhancing catalytic activity.

The lab-scale catalytic systems are beneficial to understand the basic mecha-
nism involved in the oxidation of VOCs. However, it is important to scale up the
catalytic operations under harsh real-world conditions (e.g., the mixed phase of
diverse VOCs, moisture presence, and photon energy variation). Furthermore, theo-
retical modeling (e.g., density functional theory (DFT) simulation) of the catalyst’s
surface and structure can be used to investigate the potential interactions between
the targeted pollutants and the material. The catalytic reactor should be effectively
planned and constructed to reduce environmental impact and to positively leverage
the mass transfer mechanisms and reaction kinetics.
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Chapter 7 )
Emergence and Recent Advances i
in MXenes for Diverse Sensing

Applications

B. Sheetal Priyadarshini, Rahul Mitra, and Unnikrishnan Manju

7.1 Introduction

The demographic, social, and economic evolution has resulted in an accelerating
and relentless shift in the urban lifestyle from a reactive to a proactive model. Major
changes in the quality of life in recent years have galvanized technological develop-
ments in the arena of digital systems, like sensors, that can not only provide actionable
information related to health and factors affecting it but also present and process the
data intelligently to sustain behavioral change in society. Traditional sensors have
been around for more than a century, but smart sensors integrated with informa-
tion and communication technologies have aged a little more over three decades.
Phenomenal developments in computational sciences and cloud networking endow
sensors with pervasive connectivity between the physical world and the digital world
of the internet of things (IoT) that has been pivotal in revolutionizing how we look
at and perceive data [1].

Sensors play a key role in enabling innovative solutions in the digital ecosystem
by employing a wide spectrum of signal acquisition and transducing corresponding
to various technological domains. They are driven by the insight of having a tangible
connection with human end users while accommodating the critical need to adapt
to a constantly shrinking form factor space (as in smartphones). Further, the rapid
commercialization of low-power micromechanical systems (MEMS) has catalyzed
new arenas of ambient sensing like air quality sensing and humidity level sensing
that are evolving into crowdsourced maps of environmental parameters over a large
geographical area [2]. Consequently, research domains have witnessed a rocketing
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interest in developing sensors enabled by information and communication technology
(ICT) while catering to the evolving need for miniaturization and biocompatibility.

However, the presence of noise in the ambient environment may interfere with
the ability of the sensing material to resolve the signal, thus limiting the efficiency
of a commercial sensor [3, 4]. Two-dimensional materials have emerged as versatile
materials in the field of sensors due to their distinct electronic and structural properties
that can be tailored to our advantage. The sensing performance of 2D materials
relies upon the composition, thickness, and quality of the atomic layers which can be
optimized through different synthesis procedures like chemical exfoliation, physical
vapor deposition, and wet chemical approaches [5]. The highly tuneable surface,
electrical, and morphological properties make 2D materials an outstanding choice
for next-generation sensors [6—8].

Among the widely studied 2D compounds like graphene, transition metal chalco-
genides, and transition carbides, MXenes are a relatively new candidate in the
domain of sensing systems after their recent discovery in 2011. The performance
of any sensor is highly dependent on the structural defects, surface-terminated
groups, hydrophilicity, and dopants introduced into the sensing materials. MXenes
are gaining interest as an efficient sensing material due to their highly tunable bandgap
from semiconductor to metallic, hydrophobic surface properties with abundant func-
tional groups, excellent thermal conductivity, mechanical robustness, and thermal
and chemical stability. This group of 2D materials is highly favored for stress, pres-
sure, gas, and electrochemical sensors due to the high surface area to volume ratio,
biocompatibility, and adjustable lateral size [9].

7.2 Basic Principles and Fundamentals of a Sensor

A sensor is basically a device that processes a physical stimulus of interest and
produces a recordable and quantified output that can be interpreted by the user. The
words sensor and transducer have been used interchangeably in research articles,
but they differ in their working principles. While transducers typically convert one
form of energy to another, sensors process the information from the real world into
electrical form only, as visualized in Fig. 7.1. We can say that the inputs of the sensor
are modified by the transducer into functional and usable formats. An ideal sensor has
high precision and sensitivity, a quick and linear transfer function, lower fabrication
cost, prolonged durability, low hysteresis, and fast response time for hassle-free
repeatability.

For a given parameter, there can be more than one sensing method depending
on smooth data acquisition, personal feasibility, and maximum economic benefits.
Each sensor has varying levels of sensitivity, specificity, and accuracy that are highly
specific to the working environment. Sensing modalities can be broadly classified
into three main categories [10]:

(i) Contact sensors:
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Fig. 7.1 The mechanism of sensing

This approach necessitates physical contact of the subject (e.g., human body) or
sample (e.g., liquid, gas, or equipment) with the concerned sensor. This method
makes signal acquisition easier, but it may perturb the state of the subject. For on-
body sensing, comfort and biocompatibility are essential considerations to ensure an
ergonomic design. The on-body sensors are further classified into invasive sensors
(implanted inside the body), like in-vivo blood pressure monitoring, and non-invasive
sensors (attached to the skin as a patch), like pulse oximetry.

(ii) Non-contact sensors:

This form of sensing does not need physical contact with the quantity of interest. This
is generally employed for ambient sensing applications like passive infrared sensors
and tracking the motion of individuals in a house. They offer the added advantage
of causing minimum perturbation to the subject while signal acquisition along with
faster response time as compared to contact sensors.

(iii) Sample analysis sensors:

This method involves the collection of a representative sample by a human or auto-
mated sampling system which is further processed by the sensors to provide a measur-
able output. This procedure is primarily adopted in the healthcare and environmental
sectors for monitoring body fluids and bacteria growth in water, respectively.
Depending on the parameter of interest, sensors are broadly classified as mechan-
ical, electrochemical, optical, biological, and ambient sensors. Mechanical sensors
transduce inputs like velocity, displacement, acceleration, or motion into electrical
output [11, 12]. A strain gauge is the most commonly used mechanical sensor that
detects changes in the resistance of the sensing element when exposed to varying
levels of strain. Optical sensors detect the photons of light in the visible, infrared,
and ultraviolet regions and operate by measuring the changes in wavelength, the
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intensity of emission or absorption, and phase changes in the beams due to interfer-
ence. These sensors have been widely used in industries for automated doors and
measuring levels of liquids in tanks.

Electrochemical sensors comprise a sensing electrode, a reference electrode, a
counter electrode, and a solid or liquid electrolyte. When operated at a lower temper-
ature (<150 °C), they sense changes in pH, conductivity, dissolved ions, and gases
in the electrolyte, and at higher temperatures (>500 °C), they sense molten metals
using solid electrolytes. Biological sensors or biosensors employ an immobilized
biochemical sensing material (enzyme, antibody, nucleic acid, or enzyme) which,
when it comes in contact with the analyte of interest, produces certain products like
gases, ions, or heat that can be detected to give quantified outputs. Biosensors are
now available as over-the-counter blood glucose and cholesterol sensors which play
a significant role in day-to-day healthcare monitoring [1, 10].

7.3 Sensor Fabrication Techniques

MXene-based sensors are either fabricated by blending MXenes into a variety of
polymer matrices or developed into multidimensional heterostructures of MXenes
with other 0D, 1D, or 2D nanomaterials. Real-world sensing demands highly flex-
ible and efficient sensors with ergonomic design to ensure minimum hindrance and
maximum comfort. The most commonly employed method for fabricating MXene-
based polymer composite is dip coating, spray coating, electrospinning, and wet
spinning, schematically represented in Fig. 7.2. In dip coating method, the substrate
is dipped into the solution containing the coating material for a while and pulled out
at a pre-determined speed to tailor the thickness and uniformity of the deposition.
Yue et al. demonstrated a piezoresistive sensor by dipping a sponge into MXene of
different concentrations along with polyvinyl alcohol (PVA) nanofiber as spacers to
fabricate a piezoresistive sensor [13].

Electrospinning is a relatively controlled synthesis procedure where the MXene/
polymer melt solution is fed into a spinneret fitted with a syringe pump. The acti-
vation of the pump results in the ejection of pendant-shaped droplets that form into
a Taylor cone due to AC or DC voltage. When stretched over longer distances, the
jet extends to form a straight line and undergoes whipping motion due to bending
instabilities. The fibers, thus formed, settled, and solidified on a drum collector that
can be tailored to have different diameters and rotating speeds to control the depo-
sition of the nanofiber. Sharma et al. fabricated a capacitive sensor with MXene/
polyvinylidene fluoride-trifluoroethylene (TrFE) nanofibrous scaffolds as the active
layer through electrospinning. The spinning time of the collector drum was varied
and monitored to reach the optimal thickness of the scaffolds [14].

Spray coating involves compression of the coating solution, which is then
dispensed out in the form of aerosols. The tendency of a pressurized liquid to turn
into mist by forming small droplets when the liquid is suddenly expelled out of
the can form the basic principle of spray coating. The thickness and uniformity of
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Fig. 7.2 Schematic of the fabrication process of a MXene-based sensor via spray coating method
(inset shows the structure of MXene layer and optical image of the solution). Adapted with permis-
sion from Ref. [15]. Copyright 2019, The Royal Society of Chemistry b MXene sponge. Reproduced
with permission from Ref. [13]. Copyright 2018, Elsevier. ¢ MXene-based sensor via electrospin-
ning. Adapted with permission from Ref. [14]. Copyright 2020, American Chemical Society, and d
wet-spinning setup for MXene fibrillar nanocomposite sensor. Adapted with permission from Ref.
[16]. Copyright 2020, John Wiley and Sons

the deposited layer can be controlled by altering the distance between the nozzle
and the substrate and changing the spray pressure. Li et al. [15] fabricated a multi-
layer MXene/polyvinylidene fluoride (PVDF) composite using spray coating, spin
coating, and hot-pressing technique. They found that spray coating produced the
most efficient multi-layer structure with a larger interlayer spacing, increasing the
dielectric constant and high breakdown strength.

The wet spinning process has also been employed to fabricate MXene-based
polymer nanocomposite sensors. Seyedein et al. used polyurethane (PU) elastomer
and a dispersion solution of MXene in an organic solvent like dimethylformamide or
dimethyl sulfoxide to synthesize a strain sensor through a wet spinning procedure.
The MXene/PU. sensor exhibited an all-time high gauge factor of 12,900 and a
considerable sensing strain of approximately 152%. They produced fibers over a
length of 1 km, which vouches for the large-scale production of the sensor [16].

However, the major challenge in fabricating an effective sensor is deciding the
optimum amount of MXene that should be added to a polymer to form a conductive
network within the matrix which should also be able to break within the desired
strain range due to increasing distance between the MXene sheets. When the sensor
approaches the threshold value of strain, the MXene flakes that form a conductive
network move apart, which causes the collapsing of the network resulting in no
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electric current passing through the sensor, this marks the breakdown of the sensor
and corresponds to the amount of strain that the sensor can detect. If the concentration
of MXene is higher than the optimal value, even at higher strain, the MXene sheets
interact with each other and cannot detect changes in resistivity or conductivity. Thus,
the concentration of MXene plays a crucial role in the fabrication of a sensor with
improved sensitivity and a higher gauge factor.

7.4 Comparison of MXenes with Other Sensing Elements

Various 2D materials like graphene oxide (GO), reduced graphene oxide (RGO),
and transition metal dichalcogenide (TMDC) have been widely studied in relation
to developing commercial mechanical, electrochemical, biological, and gas sensors.
Nevertheless, the highly tuneable surface and electrical properties of MXenes have
attracted researchers to play around with the pristine and composite of MXene in
the field of sensing. A major pre-requisite for fabricating functional sensors is supe-
rior mechanical strength with high flexibility. The theoretically calculated Young’s
modulus of Ti3C; is 502 GPa. The elasticity of single layer Ti3C,Tx obtained
from force-indentation experiments based on force—deflection relationship, using
Poisson’s ratio of v = 0.227, ranges from 278 to 393 Nm~'. The average elasticity
of double-layer MXene was 655 &= 19 Nm~', whereas, for a monolayer sheet, it aver-
aged 326 4= 29 Nm~!, indicating strong interlayer interaction of surface groups. The
nanoindentation studies reveal that TizC,Ty possessed a higher elasticity than GO,
RGO, and MoS,, thus reinforcing its competency in the sensing arena. Consequently,
MXene sheets showed higher foldability and were easily rolled into a cone shape
(radius <20 nm) and airplane shape without any significant damage to the structure,
which caters to the design flexibility of the sensors. The TizC,Tx thin films with a
thickness of 3.3 microns showed a high mechanical strength of 22 MPa, which was
comparable to RGO and MoS; thin films [17, 18].

The unique electronic structure of MXenes severely depends on the surface termi-
nations, and DFT calculations have shown that surface functionalization with —F and
—OH transforms the metallic TizC, into semiconductors with reduced carrier density
and conductivity. When considering multi-layer MXenes, intercalation by different
moieties enlarges the intercalation spaces and thus decreases the resistance by order
of magnitude, thus enhancing conductivity. The layered hierarchical architecture,
with rich interlayer interactions and intercalations, endows MXene-based hetero-
geneous structures with ultra-high device sensitivity and superior noise immunity,
which is imperative for developing commercial sensors. A nacre-mimetic bioinspired
“brick—mortar” architectural strain sensor was designed by the amalgamation of 2D
titanium carbide (MXene) Ti3C,T/1D silver nanowire, which exhibited high gauge
factor over 8700 within a strain region of 76-83%. Thus, surface functionalization
and hierarchical layering assist in tailoring the property of the MXene suited to the
mode of sensing, which makes MXenes a versatile category of compounds that can
be used in a multitude of sensing platforms [19].



7 Emergence and Recent Advances in MXenes for Diverse Sensing ... 127

7.5 Surface Functionalization and Modification in MXenes

As mentioned in the previous section, the surface functionalization of MXenes is an
easy way to tailor the functional properties of MXenes suited to sense the physical
quantity of interest. The surface properties of TizC,Tx can be governed by adjusting
the type and fraction of the T part in the compound during synthesis procedures
via covalent and non-covalent modifications. The non-covalent surface modification
is achieved through a synergistic effect among van der Waal’s forces, electrostatic
attraction, and hydrogen bonding. The covalent modifications, however, are catego-
rized into three groups depending on the type of atoms, namely (i) small molecule
functionalization involving alkali metal hydroxides, acid halide or acid anhydride,
organic amines, and epoxy compounds, (ii) single heteroatoms functionalization
involving vanadium, sulfur, nitrogen or phosphorous, and (iii) surface-initiated func-
tionalization involving polymers like polystyrene (PS) or polyvinyl alcohol (PVA)
[20].

The synthesis of sensors necessitates the need to have ex-situ blended or in-situ
polymerized MXene composite with the polymer. The hydroxyl groups on the surface
of MXenes are highly reactive, and surface modification can improve the affinity
between MXene and the polymeric phase. For a real-world working sensor, more
extended durability and repeatability are required, which demands a self-healing
MXene polymer composite with necessary surface modifications using a reactive
elastomer as the host matrix. Guo et al. demonstrated the esterification of surface
hydroxyl groups in MXenes with carboxyl acid groups of serin. This functionalized
MXene was added to a reactive elastomer, epoxidized natural rubber in this case,
to improve the self-healing property and lifespan of the MXene/polymer composite.
The addition of the functionalized MXene to the polymer resulted in the formation of
hydrogen bonds between the serin-modified MXene and the hydroxyl or carboxylic
groups of the reactive elastomer. This bonding consequently decreases the percolation
threshold of this MXene-based nanocomposite sensor due to the formation of well-
organized MXene networks within the composite film.

This also agrees with another research that argues that a randomly oriented
network of pure, unfunctionalized MXenes in a non-reactive polymer exhibited a
percolation threshold of around 40 wt%. This percentage was drastically reduced to
6 wt% in the case of serine-functionalized MXene incorporated into reactive epoxi-
dized natural rubber, which is correlated to the establishment of hydrogen bonds due
to functionalization, as shown in Fig. 7.3a. The study also revealed that an utterly cut
MXene/epoxidized natural rubber self-healed to its 100% initial mechanical strength
after 90 min. A marked ease in the twisting, bending, and stretching of the nanocom-
posite sensor was also observed after self-healing. So, the hydrogen bonds enriched
the mechanical properties of the sensor and enhanced the flexibility, twistability, and
self-healing properties as they formed bridges of stress transfer between the polymer
and MXene [21].

In another study by Chen et al., surface functionalization of Ti;C, Ty with a repre-
sentative of the single assembled monolayer (SAM) group, namely, 1H, 1H, 2H,
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Fig. 7.3 Surface functionalization mechanism of MXenes a with serine due to esterification
reaction between the hydroxyl group of MXene and a carboxyl group on serine. Adapted with
permission from Ref. [21]. Copyright 2020, American Chemical Society. b with 1H, 1H, 2H, 2H-
perfluorooctyltriethoxysilane (FOTS). Adapted with permission from Ref. [22]. Copyright 2020,
American Chemical Society

2H-fluorooctyltriethoxyalkylsilane (FOTS), depicted in Fig. 7.3b, resulted in the
formation of a superhydrophobic layer over the surface —-OH and —O functional
groups which significantly reduced the environmental degradation of the MXene
when exposed to air or aqueous environments. MXenes are prone to rapid degra-
dation in the air or humid environments due to their hydrophilic nature stemming
from the —OH, —F, or —O terminal groups that have a high affinity for oxidation. This
molecular protection layer mitigates the problem of oxidative reduction and helps
in dealing with the reduced shelf-life of the MXene-based sensors. The flexible
FOTS molecules are intercalated between the MXene layers increasing the inter-
layer spacing, which enhances the sensing abilities of the functionalized sensor. In
contrast to pristine Ti3C,Tx, showing a 6.6% response, the Ti3C,Tx—F (FOTS func-
tionalized MXene) shows a 14% response toward 120 ppm of ethanol. The surface
functionalized sensor portrays higher selectivity, sensitivity, response, and recovery
time in the detection of oxygen-based volatile organic compounds [22].
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7.6 MXene-Based Sensors

7.6.1 Pressure and Strain-Based Sensors

Flexible and portable pressure sensors have distinguished themselves amid a lot
of interest for a multitude of different uses, such as electronic skins, human—
machine interfaces (HMI), flexible touch displays, and intelligent robotics [23-26].
This is because of their proficient adaptability, sustaining electrical sensor behavior
concerning human tasks without interfering with or limiting the motions of the
person wearing the sensor, high integration prospects, flexibility, and ease of use. By
adopting a variety of sensing techniques, such as piezoresistive, capacitive, piezo-
electric, and triboelectric phenomena, the majority of reported pressure sensors have
currently achieved good sensing performance [11, 27-29].

Typically, conducting nanostructured material networks and flexible plastic
substrates are combined to create flexible wearable pressure sensors. Due to their
exceptional mechanical flexibility and electrical conductivity, remarkable nanos-
tructured materials, like metal nanoparticles, carbon nanotubes, metal nanowires,
polymer nanofibers, carbonized nanofibers, graphene, and their nanocomposites,
have recently been used to fabricate a variety of flexible pressure sensors [30].
MXenes, which are two-dimensional layered nanomaterials with a large specific
surface area, superior hydrophilicity, and high conductivity, are frequently employed
in transparent electrode materials, nanocomposites, and electrochemical energy
storage [31].

Hierarchical MXene composite meshes have not been used very often to create
flexible pressure sensors, despite having a huge specific surface area and robust
conductivity. Guo et al. have made a wearable transient pressure sensor using MXene
nanosheets that could be used for broad-range human—machine interfacing (HMI)
[32]. The simple device construction procedure is depicted in Fig. 7.4. First, by
selectively etching the precursor, conductive MXene (Ti3C,Tx) nanosheets were
produced. MXene sheets with a lateral dimension of a few micrometers were present
in the resultant colloidal solution. The pores of the anodized aluminum oxide
membrane were visible through the well-exfoliated ultrathin MXene sheets. The
sensitivity (S) of the pressure sensor can be defined as S = 8(AI/Iy)/8P, where Al
is the relative change in current, Ij is the sensor current under no load, and P is
the pressure under load. It is generally defined as the ratio of relative change in
current to the applied pressure. Therefore, the sensitivity of a pressure sensor can be
extracted from the slope of current curves plotted against different applied pressures.
Representative current graphs (Al/Iy) of the sensor for various external pressures
are shown in Fig. 7.4a, b. To determine the average and typical sensing performance
with a standard variation of around 5%, a total of five samples were tested. The
sensitivity of flexible pressure sensors was divided into three zones, as shown in
Fig. 7.4c. S; in the low-pressure range (23-982 Pa), S, in the pressure range from
982 to 10 kPa, and S5 in the pressure range from 10 to 30 kPa. Sy, S,, and S; had sensi-
tivities of 0.55, 3.81, and 2.52 kPa~', respectively. The MXene/tissue-paper-based



130 B. S. Priyadarshini et al.
pressure sensor with its repeatable sensing capability is displayed in Fig. 7.4d. The
sensing response was sustained during 10,000 compressive loading/unloading exper-
iments between 0 and 3036 Pa, showing the possibility for reliable and consistent
human motion biomonitoring. Additionally, Fig. 7.4e displays the MXene/tissue-
paper-based pressure sensor’s reaction time (11 ms) and recovery time (25 ms) at
a pressure of 3036 Pa, guaranteeing a real-time detection sensitivity to an instant
human-machine interface. The I-V curves, as shown in Fig. 7.4f, demonstrated that
the resistance (slope of the -V curves) remained constant for each pressure and that
the pressure-sensitive sensing response of the sensor was stable at various external
pressures.

In order to demonstrate its performance for strain sensing, Yang et al. coated
single/few-layer MXene sheets onto a network-structured polyurethane (PU) mat
(network-P mat) [33, 34]. Numerous surface functional groups on MXene nanosheets
allow for their attachment onto the surface of PU mats via hydrogen bonds or electro-
static interactions. The highly interlocking network structure of the stretchy network-
P mat, which was created using electrospinning, allowed the MXene sheets to readily
penetrate into it for ornamentation. The network-structured MXene/polyurethane mat

-
PLA film %}{": Tanme - - oh
ot s 3 - =N
S MXene coating o i
"&ﬁ%‘?‘ —> ' -~ — )
| .. Sensor assembly 2 \ /
issisc paper
‘Ll'nlmdmg
Scrcen printing 28 T
. b
PLA film &= Wearable transicrt sensitive sensor
(c) 10 20 30 40 S0
] Time (s)
20
(h)
-
z ““‘
E" 1.0
<
0.5
0.0
o 4 1] 8 10
Time (s)
[ o —r i u) 0 e ty YT TR T Tt 1

Tima (4] Tima (8} Potential (V)

Fig. 7.4 Representation of a schematic showing how flexible and wearable pressure sensors are
made using MXene nanosheets. a Current—Pressure curves between loading and unloading, with the
current response in the low-pressure range of 89—536 Pa in the inset. b Current—Pressure curves
under loading and unloading at 23, 44, and 89 Pa. ¢ Sensing sensitivity of the flexible pressure
sensor to pressure. d The durability test under a pressure of 3036 Pa. The inset shows a zoomed
view. e Response time of the pressure sensor. f I-V curves of the sensor under various applied
pressures. Adapted with permission from Ref. [32]. Copyright 2019, American Chemical Society.
g Applications of the network-MXene/polyurethane mat strain sensor for tracking physiological
signals and detecting physical motion. h Pulse beat monitoring using the network-M/P mat strain
sensor. Adapted with permission from Ref. [33]. Copyright 2019, The Royal Society of Chemistry
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(network-M/P mat)-based strain sensor as-prepared demonstrated extremely high
sensitivity (with a gauge factor of 228), extremely low limit of detection (0.1%), a
wide and adjustable sensing range (up to 150%), and outstanding mechanical dura-
bility (over 3200 cycles). Additionally, simultaneous realization of multifunctional
detection, including lateral stretch, vertical pressure, bending, and subtle vibration
monitoring, was possible as shown in Fig. 7.4g, h. The network-M/P mat-based strain
sensor can thus monitor a wide spectrum of bodily motions, from delicate physio-
logical signals, such as pulse waves, to forceful physical actions, such as joint and
muscle movement, proving its considerable potential for practical applications.

Furthermore, Ti;C,Tx MXenes paired with CNTs have been investigated for
producing adaptable and scalable strain sensors by Cai et al. [35]. By layer-by-layer
(LBL) spray coating delaminated TizC,Tx MXene flakes and hydrophilic single-
walled carbon nanotubes (SWNTs), sandwich-like Ti3C,Tx MXene/CNT sensing
layers (1-2 pm) were created. Owing to the water-based sandwich-like microstruc-
ture, the ultrathin devices possessed low limits of detection of 0.1%, great sensitivity
with a gauge factor up to 772.6, configurable sensing ranges of 30—130% strain, and
thin device dimensions of 2 um. Only a few alterations in the loading and unloading
signal were seen after 5000 cycles. Due to the remarkable sensing capabilities, both
subtle deformations like speech, and noticeable gestures, such as walking, running,
and leaping, were detected.

7.6.2 Electrochemical Sensors

Ti3C; is the most common form of MXene and has distinct advantages over other
2D materials that are driving its application in the development of electrochemical
sensors. These distinct qualities can be summed up as follows.

As compared to other 2D materials, MXene has the clear benefit of high elec-
trical conductivity, which is essential for speeding the pace of heterogeneous electron
transport. One of the most crucial reasons for its use in electrochemical sensors is its
outstanding conductivity feature. MXenes show adequate stability and dispersibility
in solutions. The most common method for creating customized electrodes is drop-
casting, which calls for pre-treatment before applying the well-dispersed coating
solution. This is vital for the creation of electrochemical sensors. MXene can be a
potent substrate for the creation of flexible conductive platforms that can be utilized
to create wearable electrochemical sensors, which are critically needed for clin-
ical analysis and health care monitoring. This is due to its great stretchability and
biocompatibility. MXene has a significant potential to be coupled with a range of
functional materials or biomolecules for various analytical applications because of
its 2D layered structure and distinctive surface with numerous chemical groups.

In a study by Shahzad et al. [36], they created a straightforward and reasonably
priced electrochemical sensor for dopamine (DA) detection. In the study, a well-
dispersed Ti3C,Tx solution was drop casted on a glassy carbon electrode (GCE)
along with a conducting binder, i.e., Nafion. This helped to strongly immobilize
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Ti;C, Ty on the electrode surface, resulting in the formation of a stable film that could
accumulate positively charged species in a targeted manner. Nafion deprotonates at
physiological pH, and it is likely that a negatively charged ion trapped on the surface
of the MXene sensor electrode further prevents negatively charged anions (ascorbic
acid—AA and uric acid—UA) from diffusing to the electrode. The XRD patterns
of Ti3AlC, and Ti3;C, Ty are shown in Fig. 7.5a. The crystalline TizAlC, peaks with
(002), (004), (101), (104), and (105) planes were represented by the diffraction peaks
at 9.58°, 19.2°, 34.02°, 39.04°, and 41.8°, respectively [35]. Following etching, new
diffraction peaks of the (001) series were seen in place of the Ti3 AlC, characteristic
diffraction peaks. With an interplanar spacing of 13.52, which was substantially
bigger than the 9.29 from the (002) plane of TizAlC,, the primary peak at 6.28° was
assigned to the (002) plane of Ti3C,Tx. Successful etching and delamination were
suggested by this shift in the (002) peak, as well as an increase in the d-spacing and
peak widening. These findings from SEM and TEM, depicted in Fig. 7.5b, d, and e
demonstrated that the etching procedure was gentle enough to delaminate the layers
and that it took place along a certain crystal orientation so as to preserve the parent
MAX phase’s regular hexagonal symmetry with the 2D layers connected by weak
van der Waals interaction of hydrogen bonds.

The CV characteristics for the three electrodes are displayed in Fig. 7.5¢c. A
control scan was performed with just the GCE in the buffer. All three electrodes
had a distinct redox peak when DA was present. With greater current responsiveness
and a lower peak-to-peak separation, TizC,Tx/GCE clearly offered a better sensing
performance. With its excellent repeatability and stability performances (Fig. 7.5f,
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Fig. 7.5 a X-ray diffraction (XRD) pattern of Ti3AlC; and Ti3C,Tx. b SEM image of TizAlC,.
¢ Cyclic voltammograms (CVs) of bare and modified glassy carbon electrodes (GCE) in 1 pM
Dopamine solutions of 0.1 M phosphate-buffered saline (PBS) buffer solution with pH 7.2. d SEM
image of Ti3C,Tx. e Bright-field T.E.M. image of Ti3C,Tx with inset corresponding to its selected
area electron diffraction (SAED) pattern. f Repeatability and g stability tests of DA sensing (1 wM)
with Ti3C, Tx/GCE. Adapted with permission from Ref. [36]. Copyright 2019, The Korean Society
of Industrial and Engineering Chemistry. Published by Elsevier B.V.
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g), MXene/GCE-based electrochemical sensors can be a very promising alternative
for DA sensing.

Without immobilizing enzymes, MXene might potentially be used to create elec-
trochemical non-biosensors. In order to detect the drinking water contaminant BrO;
the first electrochemical non-biosensor based on pure Ti3C, MXene was created
in 2018 [37]. TizsC, MXene, which served as both a signal-enhancing matrix and
a reducing agent, demonstrated exceptional electrocatalytic properties for efficient
BrO;~ reduction. The MXenes were also included in other electrode systems, such
as the graphite composite paste electrode (GCPE) [38] and the screen-printed elec-
trode (SPE) [39]. To detect adrenaline, the MXene/GCPE electrochemical sensor was
created. Additionally, Ti,C MXene has been included in the electrochemical sensing
system for the first time. The constructed sensor attained a line of detection (LOD) of
9.5 nM and had 99.2-100.8% recoveries when used to detect adrenaline in pharma-
ceutical samples. Acetaminophen (ACOP) and isoniazid were determined by cyclic
voltammetry (CV) using the MXene/SPE electrochemical sensor (INZ). In compar-
ison to bare SPE in 0.1 M H,SOy, the Ti3C, MXene had shown superior electrocat-
alytic activity toward the oxidation of ACOP and INZ, and the separated oxidation
peak potentials ensured simultaneous detection of the targets. Arranging nanoma-
terials in a specific location on an electrode with regulated architecture, shape, and
thickness is a particularly difficult problem in the fabrication of different electrochem-
ical sensing devices [40]. Sharifuzzaman et al. [40] developed a green, simple, and
economical one-pot deposition technique of Ti3C, nanosheets for producing large-
scale and high-quality MXene nanosheets thin films. They showed that by utilizing an
electroplating process with a DMSO solution containing colloidal Ti;C, nanosheets
as the electrolyte, Ti;C, nanosheets could be accurately and evenly deposited on
various sensing electrodes at room temperature in a matter of minutes. In DMSO
solvent, TizC, nanosheets totally dispersed and were very stable. The electric field
created by the redox process in the colloidal Ti3;C, nanosheet solution under the
influence of a constant applied voltage drove the nanoparticles toward a particular
electrode interface, where they were cathodically electroplated.

Electrochemical sensors have demonstrated considerable application potential
for MXene, and a variety of electrochemical sensors, including electrochemical
non-biosensors, electrochemical biosensors, electrochemiluminescence sensors, and
photoelectrochemical sensors, have been created based on MXene. It also shows
significant potential in the production of conductive substrates for different electrode
systems, particularly for patterned electrodes. This opens the door to the develop-
ment of a wide range of advanced electrochemical sensing devices, such as wear-
able, flexible sensors for non-invasive body fluid monitoring and portable detection
instruments.
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7.6.3 Photoluminescent-Type Sensors

When the excited state decays to the ground state, the absorbed energy is released
as light. A phenomenon known as PL Quantum dots (QDs) contains separate energy
levels due to the quantum confinement phenomenon; as a result, the excited states can
primarily decay by radiation. MXene QDs (MQDs) exhibit vivid PL with quantum
yields of 10-20% while maintaining a high density of active surface sites, making
them an excellent material for PL sensors. Bulk TizAlC was used to create amino-
functionalized Ti3C, quantum dots in a study by Ai et al. [41]. On the one hand, the
usage of TizC, MXene quantum dots (MQDs) doped with nitrogen atoms and the
addition of amino groups can both boost the FL intensity of MQDs. On the other
hand, after changing the MQD surface properties, the aminated functional groups
are advantageous for the association of Ni** with MQDs. They created a simple,
high-output approach for fabricating TizC, M.Q.D.s with a small particle size of just
2.73 nm, a high photoluminescence yield of 13.55%, and outstanding photostability.
The experimental model posits a fluorescence turn-on sensor based on the quenching
of MQD. FL by Ni** and the recovery of MQD. FL for the precise detection of
histidine (His), as shown in Fig. 7.6a. After etching the Al layer off of TizAIC,
with HF acid to produce Ti;C, MXene, M.Q.D.s were made by hydrothermally and
ultrasonically cutting huge layers of Tiz;C, MXene. The XPS spectra in Fig. 7.6b, c
demonstrated typical Ti3C, MXene nanosheet characteristic peaks with Ti-C 2p* and
Ti-C 2p' double peaks, demonstrating that MQDs continue to preserve the chemical
composition of the nanosheets. In order to remove the remaining Al and the original
bulk material Ti3 AlC,, the Al layer from the Ti3 AlIC, phase was etched, and the result
was the Ti3C, MXene precursor, which can be seen in Fig. 7.6d. Scanning electron
microscopy clearly reveals the accordion-like structures of delaminated Ti3;C,. The
homogeneous distribution of the elements Ti and C is visible in the energy dispersive
spectra of Ti3C, (Fig. 7.6e, f). Energy-dispersive X-ray spectroscopy (EDX) also
demonstrated the production of Ti;C, by confirming the existence of Ti, C, and O
elements. The FL of MQDs was rapidly suppressed, and equilibrium was attained
in approximately 10 min, as illustrated in Fig. 7.6g. Histidine (His) was introduced
after the solution reached total stability, and the FL of MQDs recovered fast. After
approximately 15 min, it also reached complete stability. Figure 7.6g clearly shows
how FL changes with the addition of various compounds, clearly indicating how
FL of MQDs changes from quenching to recovery. Figure 7.6h illustrates the FL.
intensity recovery of MQDs fluctuating as the concentration of His increases. The
restored photoluminescence intensity increased linearly with the concentration of
His in the range of 100—1000 nM under ideal circumstances (R = 0.996). As a
result, the study presented a viable method for using novel MXene materials in
photoluminescent-based sensing in addition to developing a sensitive assay for His
activity sensing.

The PL-type sensing process may be anticipated when these low-dimensional
nanoscale materials are used as PL sensors since the quantum confinement
phenomena are relevant to QDs and nanoscale materials with different dimensions.
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Fig. 7.6 a Mechanism of transducing the signal using the Histidine (His)-based Ni%*-modulated
MXene quantum dot (MQD) photoluminescent (PL) sensor. b XPS survey spectra of Ti3Ca
M.Q.D.s. ¢ High-resolution XPS spectra of Ti 2p region with deconvoluted peaks of the M.Q.D.s.
d SEM images of the parent bulk material Ti3AlC; and the as-obtained layered Ti3C, MXene. e, f
Elemental mapping images of the pristine Ti3C, MXene nanosheets using energy-dispersive spec-
troscopy (EDS). g Time-dependent Fluorescence (FL) intensity of MQDs in the aqueous solution
at 410 nm after adding Histidine and Ni2* (insets from left to right are M.Q.D.s, Ni** —MQDs, and
His @Ni** —MQDs solution under 365 nm UV lamp). h FL response of Ni”* —MQDs after adding
various His concentrations. Adapted with permission from Ref. [41]. Copyright 2021, American
Chemical Society

Using MXene nanosheets (MNSs), Desai et al. created a sensor for Ag and Mn ions
[42]. Tetramethylammonium hydroxide (TMAOH) was added to Ti;C, MXene solu-
tion before being ultrasonically fragmented to produce the MNSs. The synthesized
MNSs displayed a PL emission peak at 461 nm through the quantum confinement
effect after absorbing 381 nm UV light. Chemical sensors of the electrical and optical
types get benefit from the characteristics of MXenes. The strong sensing performance
of chemical sensors is primarily due to the low noise response of MXenes and the
high adsorption energy of gas molecules on the MXene surface, which are ascribed
to the high conductivity and surface functional group in MXene. Future research will
benefit from the excellent sensor performance of MXenes have achieved.

7.6.4 Biological Sensors

As indications for the metabolic, physiological, and immunological processes of
biological systems, several biomaterials and biomarkers are used. These molecules
may be detected qualitatively and quantitatively, which can be used to identify
metabolic disorders, gauge the effectiveness of therapeutic interventions, and assess
environmental risk factors, including toxins and infections. Therefore, a key need
for biosensors is the capacity to accurately and selectively detect tiny quantities
of analytes in multicomponent systems. As a result, great effort has been put
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into improving the specificity and LOD of biosensors. Since biosensors operate
on the same principles as chemical sensors, it is possible to enhance the LOD
of MXene-based biosensors by guaranteeing an abundance of active surface sites,
managing MXene geometry, and utilizing MXene-based composites. The formation
and anchoring of suitable bioreceptors that may trigger certain interactions, such as
antibody-antigen and enzyme-ligand interactions, is sometimes necessary to achieve
high selectivity.

In order to simultaneously and very selectively screen a panel of biomarkers
in sweat, the work by Lei et al. [43] offered a stretchy, wearable, modular multi-
functional biosensing device. The first use of 2D MXene (TizC,Tx) nanosheets
is in an oxygen-rich enzyme biosensor. The solid-liquid-air tri-phase interface
of the working electrode is based on the utilization of a Ti;C,Tx/Prussian Blue
(PB) composite in combination with a hydrophobic substrate. Ti3C,Tx/PB compos-
ites significantly outperformed graphene/Prussian blue (PB) and carbon nanotubes
(CNTs)/PB composites in terms of electrochemical performance for the detection of
hydrogen peroxide due to the outstanding conductivity and electrochemical activity
of exfoliated Ti;C,Tx. A sweat-uptake layer, a sensor layer (glucose, lactate, and pH
sensors), and a cover layer made up the three modules that made up the integrated
system, as represented in Fig. 7.7a. A porous cloth for collecting sweat and serpen-
tine tunnels made up the sweat-uptake layer. For the purpose of installing active
sensors, five sensor spaces and serpentine tunnels were etched into the sensor layer.
Monitoring perspiration throughout 10-30 min of vigorous cycling action showed
the wearable multifunctional biosensor patch’s promise (Fig. 7.7c). The patch was
powered by a portable electrochemical analyzer with an internal power supply that
was attached to the wristband sweat sensor, as shown in Fig. 7.7b. Following wireless
transmission to a distant mobile device, such as a smartphone or tablet computer,
real-time analysis was then shown via a specially created cell-phone application. The
sensor array performance of the glucose, pH, and lactate was appraised repetitively
before and after meals, as shown in Fig. 7.7d, e, and f. The development of ultra-
sensitive enzymatic wearable biosensors for early illness detection and individually
tailored healthcare was therefore made possible by this study.

To create a medium-free biosensor for detecting H,O,, Wang et al. [44] immobi-
lized hemoglobin (Hb) on the surface of a multi-layer Ti;C, material that resembled
an accordion. Favorable enzyme immobilization properties were investigated in the
MXene-Ti;C, system. The constructed biosensor performed well at detecting H,O»,
with a linear range of 0.1-260 M and a lower detection limit of 20 nM. Addi-
tionally, they created Ti3C, MXene nanocomposites modified with TiO, nanopar-
ticles using in-situ hydrolysis and hydrothermal methods, and they applied them to
create a mediator-free biosensor for hydrogen peroxide detection. Nanocomposites
containing a lot of TiO, nanoparticles supported on TizC, layered substrates have
multiple benefits when utilized as carriers for enzyme immobilization.

Cholesterol is a crucial lipid in the human body and an essential component
of cell membranes, helping to maintain the permeability and cohesiveness of cell
membranes. A number of disorders have cholesterol as a significant biomarker. Low
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Fig. 7.7 a The final assembly of the sensor patch system, which consists of a sweat-uptake layer,
a sensor layer, and a cover layer is shown schematically. b The wearable sweat-monitoring patch
is coupled to a small electrochemical analyzer that enables a wireless interface with Bluetooth-
enabled mobile devices and charges the patch as well as regulates it. ¢ A skin-mounted, portable
electrochemical analyzer is linked to the wearable sweat-monitoring patch. d Three different glucose
sensors were used to measure the chronoamperometric responses of glucose sensors and pH changes
before and after meals. e Throughout the activity, the pH sensor readings were recorded many times.
f At various points throughout the workout, the chronoamperometric responses of the lactate sensor
were measured. Adapted with permission from Ref. [43]. Copyright 2019, John Wiley and Sons

cholesterol levels can result in hypolipoproteinemia, malnutrition, sepsis, malnutri-
tion, and anemia. 2.83-5.20 mM is the typical range for maintaining cholesterol
levels in the body. As a result, precise, sensitive methods to track cholesterol levels
are needed in the academic and medical domains. Ti3AlC, was etched with HF and
LiF by Xia et al. to create TizC,Tx [45]. High specific surface area, biocompati-
bility, strong electrical conductivity, and dispersibility are all characteristics of the
synthesized Ti3C, Ty that support electron transport.

7.6.5 Gas and Humidity Detection Sensors

Gas sensing is essential for illness diagnosis, air pollution monitoring, explosive
detection, and chemical process control. Chemiresistive gas sensors have garnered a
lot of interest among the many gas-sensing techniques due to their better performance
and affordable price. They have low selectivity, a high working temperature, and high-
power consumption, however. MXenes are attractive candidates for chemiresistive
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gas sensor applications due to their high surface-to-volume ratio, excellent surface
conductivity, surface-terminated capabilities, and hydrophilicity. It should be noted
that while hydrophilic absorbents like MXenes may successfully absorb hydrophilic
gas molecules, their application for the identification of hydrophobic gas molecules
(also known as nonpolar molecules) may be constrained.

Engineering the structure and surface chemistry of sensors based on 2D TizC,Tx
MXenes may improve their ability to detect gases. According to Yuan et al. [46],
a versatile and highly effective volatile organic compounds (VOC) sensor was
made using a three-dimensional (3D) Ti3;C, Ty MXene framework. Electrospinning
was used to create a 3D polymer (PVA/PEI mixture) framework with cross-linked
fibers, which was subsequently transferred to electrodes with Au interdigitation and
submerged in the MXene dispersion. The surface of the fibers was functionalized by
MXene by self-assembly as a consequence of electrostatic interactions among the
negatively charged MXene (induced by functional groups) and positively charged
3D polymeric framework (originated from the PEI component). The sensor provided
better sensitivity toward VOCs, such as acetone, methanol, and ethanol in parts per
billion level, in contrast to pure MXene, because of the densely interconnected porous
structure.

Additionally, the sensor responded less to polar inorganic gas molecules (NO,,
NHj3, and H,O) and barely at all to hydrocarbons (toluene and cyclohexane). Charge
transfer occurs as a result of interactions between VOCs and polar inorganic gas
molecules and the functional groups of MXene (mostly —OH and —F). The strength
of the hydrogen bond produced can be correlated with the gas response amplitude.
Intriguingly, the metallic conductivity of the MXene caused the resistance of the
sensor to rise independent of the nature of the molecule.

MXene-based devices can potentially be improved in terms of gas detection
by hybridization with other nanomaterials. According to Chen et al. [48], liquid-
phase exfoliation and inject printing were used to create a flexible nanohybrid room-
temperature sensor made of TMD (WSe,) and MXene (TizC,Tx). Numerous hetero-
junction contacts were produced by evenly decorating the 300 nm MXene scaffolds
with WSe, flakes that typically had a size of less than 30 nm. After being hybridized
with WSe,, Ti;C, Ty developed a greater sensitivity to gas molecules. A TizC,Ty/
WSe, sensor was successful in selectively and sensitively detecting O-containing
V.0.C.s (ethanol, methanol, and acetone), but it was less successful in detecting
hydrocarbons. More specifically, Ti3C,Ty/WSe, was 12 times more sensitive to
ethanol than TizC,T,.

Furthermore, Li et al. [47] exhibited a very sensitive TizC,/TiO, humidity sensor.
By performing an in-situ alkali oxidation of Ti3C, in a KOH solution, the Ti3;C,/TiO,
composite was demonstrated. The optimal structure-response relationship for the
Ti3C,/TiO, composite was investigated, and the potential humidity—sensing method
was arrived at. Additionally, an array of flexible humidity sensors based on an
ultrasensitive composite was created, and they explored their potential for touch-
less control of electrical devices as well as their use in the non-contact detection of
liquids. 100 mg of the produced 2D Ti3;C, MXene powder was added gradually to
60 mL of KOH solutions with varied KOH concentrations (6, 12, and 24 mol/L). The
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KOH solutions were then agitated vigorously at 50 °C for 2, 10, and 20 h. The reac-
tion products were washed in ethanol and deionized water until the pH of the mixture
reached 7. The samples were retrieved and vacuum heated (80 °C, 24 h) in prepara-
tion for further evaluation and humidity sensor assembly, as shown in Fig. 7.8a. The
Ti3C,/TiO, sensor, with its time-dependent response to stepped changes in the RH,
is depicted in Fig. 7.8b. When the sensor was loaded in a dry atmosphere (7% RH),
the capacitance varied appropriately as the RH changed and quickly returned to its
starting condition. The estimated response and recovery durations were 2.0 and 0.5 s,
respectively. This performance is primarily related to the suitable structure, substan-
tial surface area, and plenty of flaws and adsorption sites, which can accelerate the
absorption and desorption processes in the composite. The developed Ti3;C,/TiO,
sensor was then utilized to measure the RH fluctuation on a fingertip near-surface
over distances ranging from 1 to 10 mm. The findings are displayed in Fig. 7.8c.
On a flexible PET substrate, they created a 5 x 5 pixel array of humidity sensors
with separately linked Au electrodes that were synthesized using the sputter-coating
technique. Finally, a switcher with a 20 ms switching time was used to monitor each
sensor separately. Figure 7.8d, e shows a 3D positional mapping of three fingertips
and how far away they are from the sensor array’s surface, demonstrating the sensor
potential for non-contact human—machine interaction.
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Fig. 7.8 a MXene-based humidity sensor preparation process: Hydrofluoric acid (HF) etching,
liquid-phase exfoliation (LPE), alkali oxidation, and other methods for material synthesis. b
Response and recovery characteristics in terms of capacitance (nF) of sensor A5 (A5 synthesis
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using a height-resolved capacitance diagram. d A photo showing the three fingertips above the 5
x 5 grid. e 3D mapping of three fingers approaching. Adapted with permission from Ref. [47].
Copyright 2019, American Ceramic Society
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7.6.6 Capacitive Sensors

The operation of MXene-based sensors can alternatively be used for capacitive
measurements. Capacitive sensors, as opposed to electrochemical ones, assess the
induced polarization or ionic conduction of adsorbed solutes under AC bias and
fields, which can result in extremely quick and sensitive responses.

MXene and PVDF-TrFE were combined to create the composite nanofibrous
scaffolds (CNS) by Sharma et al. [14], which were then synthesized using the elec-
trospinning technique. Two types of impacts were observed during the mixing and
spinning processes. First, the electrostatic attraction between functional groups and
H or F atoms that are found in the PVDF-TrFE polymer causes the van der Waals
attractive force to exist in the MXene. The second is the change from a-phase
to B-phase crystallization, which synergistically alters the mechanical characteris-
tics of the fiber as a whole. The aforementioned mechanism has been detailed in
Fig. 7.9e. The sensor with the 5% MXene concentration had the highest relative
change in capacitance (AC/Cy) of all the concentrations, which may be a result of
the composite’s increased sensitivity in the high-pressure and low-pressure regions.
Due to its improved performance, the 5% CNS was taken into consideration for more
electromechanical characterization and focused applications. The sensor device was
dynamically loaded and unloaded at various pressures to examine its wide detec-
tion range and dependability, as observed in Fig. 7.9a. Additionally, the capacitance
response of the sensor was markedly linear with pressure. The response changed
abruptly with each loading and unloading of pressure, but it remained constant when
there was no discernible transition. The results supported the idea that the conceived
sensor can clearly identify various pressure levels and tiny to large deformations
with a stable and hysteresis-free response. According to Fig. 7.9b, the response and
relaxation durations of the constructed sensor were assessed at a 1.5 kPa pressure, or
1 mm of compression. As examined further in Fig. 7.9a, b, which show that similar
dynamic response and relaxation periods (0.15 s) were observed, the CNS’s elastic
recovery time is equal to its compression time, showing no hysteresis.

As seen in Fig. 7.9¢c, several loading cycles were applied to the CNS-based sensor
in the low-pressure range. The input pressure had a strong correlation with the
capacitive response of the sensor (AC/Cy) in the low-pressure range. It was thereby
confirmed that the sensor could detect minute pressure changes since it could work
smoothly in a very low-pressure range without producing transients or hysteresis.
The developed sensor was able to detect 1.5 Pa, which is comparable to one long grain
of rice (38 mg), on the sensor surface area. Figure 7.9d shows the ultra-lightweight
object detection capacity of the CNS-based sensor. Figure 7.9d also depicts the sensor
response for the successive loading of the rice grains, which supports the accuracy
of the detection. As shown in Fig. 7.9f, the CNS-based sensor demonstrated good
stability and durability throughout a 10,000 load and unload testing at a high pressure
of 167 kPa. The magnified views of a few chosen cycles taken from the beginning
and conclusion of the test are shown in the left and right insets, respectively. The
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Fig. 7.9 a The MXene composite nanofibrous scaffolds (CNS)-based sensor’s cyclic capacitive
response to a 5 wt% MXene concentration under various loading/unloading pressure levels. b
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of detection. e Chemical representation of the synergistic outcome when MXene is added to the
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pressure sensor under (>40% compression) a high-pressure of 167 kPa. Selected cycles from the
start and finish of the stability test are shown in the insets. Adapted with permission from Ref. [14].
Copyright 2020, American Ceramic Society

insets show that even in a high-pressure situation, the CNS’s real degeneration and
hysteresis are bare minimal.

Due to their low hysteresis and good linearity, capacitive sensors may also play a
significant and decisive role in electronic skin (E-skin). However, a capacitive sensor
has to be stretchy and self-healing in order to accurately replicate the functions of
human skin. The development of such a sensor is constrained by electrode materials,
which are frequently neither stretchable nor self-healing. For application in capaci-
tive strain sensors for E-skin, a highly stretchy and self-healing MXene (Ti3C,Ty)/
polyvinyl alcohol (PVA) hydrogel electrode was created by Zhang et al. [49]. The
hydrogel’s conductivity and capacity to self-heal were improved by the addition of
MXene to PVA. The electrode had a high stretchability at break (~1200%) and self-
healing that occurs instantly (~0.15 s). A capacitive sensor based on these electrodes
had strong mechanical durability (a 5.8% drop in relative capacitance change after
10,000 cycles), great linearity (up to 200%), minimal hysteresis, and a sensitivity of
around 0.40. Additionally, this sensor retained its functionality during a self-healing
test, demonstrating its potential for tracking human mobility.
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7.6.7 Other Miscellaneous Sensors

Apart from the multitude of sensing modalities, MXenes have also been used
for sensing variations in temperature. Inspired by the potential of tailoring the
properties of MXenes through application-specific surface modifications, Tran
et al. [50] fabricated a smart hybrid titanium-based MXene (Ti,CTy) with
poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) through surface-initiated
controlled photoiniferter polymerization (SIPIP). The thermo-responsive tuning
of conductivity observed in the hybrid MXene-PDMAEMA structure is more
pronounced than that exhibited by pristine MXenes due to the switchable conduc-
tive behavior of PDMAEMA below and above lower solution critical temperature
(LCST). The prepared thin films exhibit conductivity switching as the temperature
cycles above and below the LCST of PDMAEMA. This is attributed to the shrinking
of PDMAEMA, which is covalently bonded to the MXene sheets. This reduces the
interlayer distance, thus facilitating electron transport across the sheets. At temper-
atures below LCST, the PDMAEMA moieties expand and push away the sheets
increasing the interlayer distance. This results in reduced electron transport which is
reflected in the conductivity curves. This assembly acts as an efficient temperature
sensor that can be used to gauge thermal variations during chemical reactions and in
microelectronics.

Optical sensors have gradually assumed importance as an auxiliary branch of
biochemical sensing utilizing surface plasmon resonance (SPR) and evanescent
surface waves as the driving factors. For the first time, Chen et al. [51] investigated the
effect of MXene on the refractive index (RI) sensors and reported a sensitivity boost
of ~30% with MXene integration. MXene nanosheets (Ns) were the ideal choice
of filler material due to their highly hydrophilic surface groups and large surface
area that can enhance overall sensitivity. Additionally, the characteristic large-band
optical absorption facilitates its use as an optical sensor over a broad spectrum of
wavelengths. The group utilized a fiber optic SPR sensor and RI sensor and deposited
the MXene Ns onto the sensing region. In the case of SPR sensor, a significant dip
in the resonance curve with an apparent red shift was observed that was dependent
on the concentration of MXene. This indicates that the sensitivity of directly propor-
tional to the concentration of MXene layers. This also reveals that MXene can be
used to tailor the working window of the sensor by adjusting the resonance dip in
the region of interest.

For the RI sensor, the evanescent surface waves act as stimuli to detect changes
in the RI of the environment. To enhance these waves on the surface of RI sensors,
various complicated micro-nano processing methods are employed that add to the
sensor’s fragility, making them difficult to use. In this work, it was demonstrated
that the light intensity sensitivity, i.e., the interaction of the evanescent waves on
the surface of the fiber optic sensor, was dramatically enhanced on depositing
MXene of different concentrations on the surface of the sensor. At a wavelength
of 500 nm, the sensor witnessed an over eight-fold enhancement in sensitivity due to
the characteristic wide-band absorption spectrum of MXene. This suggests that by
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depositing MXenes onto the surface of optical sensors, the sensitivity and detection
spectrum of the sensors can be significantly enhanced and precisely tailored to the
application-specific wavelength.

7.7 Key Challenges and Future Outlook

The unique structure, metal-like conductivity, and rich surface properties of MXenes
make it a versatile material for the development of new-age sensors and wearable
electronics. The hydrophilic properties due to the oxygen, hydroxyl, and fluorine
surface terminations in MXenes facilitate the formation of composites with poly-
mers to develop free-standing films. The principal mechanism behind the sensing
abilities of these composites lies in the linear relationship between conductivity and
an external stimulus like strain, pressure, humidity, and temperature. The first and
foremost challenge in the development of efficient sensors is the synthesis of MXene
precursor. MAX phase is prepared by milling highly combustible materials like tita-
nium and aluminum at higher temperatures. This necessitates extreme precaution as
several rounds of milling are required to produce superior-grade MAX phase powder.
Proper handling and prompt waste disposal are crucial post-etching by HF.

The large-scale industrial production of MXene sensors is also restricted due to the
inadequate mechanical stability of MXene. To this end, MXene has been incorporated
into polymer matrices to form composites that are robust and also exhibit overall
enhancement in stretchability which is a pre-requisite for flexible electronics and
sensors. However, the type of polymer (glassy or rubbery) used and interactions
between the polymer and MXene require further research and understanding for the
two phases to work in harmony and maximize the efficiency of the sensors. The most
viable approach is using first-principles calculations and machine-learning models
to analyze the synergistic interactions and develop self-healing and durable sensors.
Another bottleneck is assessing the optimal MXene concentration that should be
incorporated in the composite for high-performance sensors. The levels of MXene
are critical to the sensing abilities as it dictates the change in conductivity which forms
the basic mechanism responsible for sensing. The concentration of MXene in a sensor
should be high enough to form conductive channels that exhibit a perceivable change
in conductivity on being exposed to a stimulus, while a still higher concentration
results in the formation of stable conductive channels that are resistant to changes in
conductivity, thus affecting the sensing performance.

Further, the oxidation of MXenes is also a growing concern among researchers
as it affects the shelf-life and durability of the sensors. This has been overcome to
some extent by encapsulation of the sensor with a hydrophobic layer and thermally
insulating polymers. The surface modification of MXenes also holds great potential
as it can significantly alter the surface property, band gap, and plasmonic behavior of
MXene. This has the potential to tap into the semi-conducting properties of MXenes,
which can have future implications in transistor-based devices.
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Wearable electronics based on MXenes have prospects in diverse fields as
they provide low-cost remote health monitoring and enhanced wearing experi-
ence. However, coherent signal processing modules are essential parts of a dynamic
sensor that can seamlessly acquire bodily signals. The integration of a polymer-
based sensing layer with a flexible signal conditioning circuit will bridge the gap
between signal acquisition, processing, and output. The flexible signal conditioning
circuit comprises a silicon integrated circuit on a flexible circuit board that can be
easily attached to the skin. Additionally, Bluetooth modules can also be employed
to communicate and store the output in smartphones or display devices for personal
healthcare monitoring.

7.8 Conclusions

MXenes are a novel family of 2D materials that have been thoroughly researched
due to their exceptional properties, which are highly advantageous in a bevy of appli-
cations. Due to the exotic 2D structure of MXenes and their naturally high specific
surface area and adjustable surface-mediated features, MXene-based sensors have
attracted the greatest attention and curiosity in research. Through methods including
surface functionalization, macro structuring, and composite creation, investigations
on MXene-based sensors have thus been enhancing the selectivity and sensitivity of
many types of chemical, biological, and physical sensors.

One of the most encouraging results of research on these sensors is that the
outstanding electrical conductivity apprised to pure MXenes is not sacrificed when
the MXene surface is modified. The development of MXene-based sensors is still in
its early innings; therefore, there are still issues that need to be resolved before they
can be used commercially. There is a need for clarification of these requirements
since the performance standards and other requirements for the commercialization
of these sensors have not yet been systematically developed. By classifying MXene-
based sensors according to the types of target stimuli and analytes and outlining the
methodologies designed for diverse sensing applications, this book chapter offers
a thorough overview of the research area of MXene-based sensors. Based on this
overview, we were able to identify interesting research areas for the future and the
likelihood that they would succeed in each classed area of MXene-based sensors.

Research in this area is currently mostly focused on evaluating the full poten-
tial of MXenes and capabilities for transferring their advantageous properties to
sensors to attain remarkable performance in terms of LOD and sensitivity. These
elements are essential for the widespread use of MXene-based sensors. Their uses
could be broadly classified into a plethora of sensors which include pressure and strain
sensors, electrochemical sensors, photoluminescent-type sensors, biosensors, capac-
itive sensors, gas and humidity sensors, and other miscellaneous ones. Therefore, in
order to enhance sensor efficacy in terms of parameters like stability, reliability,
multimodal applicability, and productivity for conformity with industrial require-
ments, future research should widen their concentrated focus. The development of
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next-generation sensor technologies based on MXenes will be sped up by addressing
the aforementioned commercialization criteria. This might eventually result in the
creation of low-cost, high-performance, and multimodal sensors for soft-electronics
applications. We anticipate that this analysis will provide a clear picture of the future
commercialization of MXene-based sensors and inspire a wide range of in-depth and
useful investigations.
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Chapter 8 ®)
Progress of MXenes in Biomedical i
Sciences

Namita, Arti, Naushad Alam, and Jamilur R. Ansari

8.1 Introduction

MXenes are derived from the MAX phases having the general formulation
M1 AX;, with M stands for transition (group B) element, A for group A elements
of the periodic table preferably third and fourth group elements and X for C, N or
combination of both. Here ‘m’ holds for only three values 1, 2 and 3. MXene so
obtained has the general formula My, X, T, where ‘m’ has the value from 1 to 3 [1].

MXenes are emerging as a base component in the multiple domains of magnetic,
electrical, capacitive, optical, semiconductor, and catalytic fields along with sensing
and biomedicines on a large scale. The compactness of the atomic sheets in MXenes
led to diversification in the biomedical sciences [2, 3]. MXenes are associated with
plenty of functional groups on their surface, which strongly assist in the promotion
of MXenes bio-Engineering. MXenes are best suited in the biomedical fields owing
to their properties like atomic stacking features, modifiable conformation and
water solubility characteristics. MXenes are specifically exploited in photothermal
treatment due to their immense optical absorbance as well as their capacity to
convert under the near infra-red region. It can undergo tumor ablation, penetrates
organ-tissues and treats cancerous cells, so, specifically that it does not cause
any damage to the other organs. In the bioimaging procedures, MXenes assist
remarkably during chemotherapy and real-time monitoring [4]. MXenes also have
applications in energy storage [5]. For the ion storage capacity of MXenes, the
oxygen terminations are highly preferable in comparison to those of hydroxyl
and fluorine terminations [6]. This is because the use of fluorine and hydroxyl
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terminations leads to reduced capacity and restricted transportation of lithium ions
[7]. VoCT, demonstrated an excellent capacity of Li* ion storage amongst all
MXenes under identical conditions [8].

In the general formula of MXene My, X, Ty, ‘M’ stands for the transition metals
like Hf, Zr, Cr, Ti, Sc, V, Nb, Ta, Mo etc. [9, 10]. ‘X’ stands for carbon or nitrogen
whereas T, indicates the type of surface functional groups like —O, —F or —OH groups.
There are various MXenes which are non-magnetic in nature, such as Hf,CO,,
ZrCO,, Cr,C(OH),, Ti,CO,, Cr,CF,, Sc;CO,, Sc;G(OH), and Sc,CF; [11]. But
MXenes with ferromagnetic and antiferromagnetic properties are also available like
Cr,C exhibits ferro- and TizC,, Cr, TiC, F, exhibit anti-ferro magnetic behavior [12,
13]. Even MXenes like Ti3;C, with so many structural defects are utilized and find
applications in sonodynamic therapy (SDT). Since, such structure are capable of
generating reactive oxygen species (ROS), which are essential for numerous medical
treatments.

The hybridization [14] of MXenes with different functional groups led to the
diversification of MXenes in the broad field of Biomedicines. The intrinsic proper-
ties of MXenes have been harnessed continuously to extract more information in the
field. MXenes containing multiple transition metals have also been discovered. The
bonding between M and A, in MAX phases, is relatively more chemically active,
though weaker than the bonding between M and X. This property makes the selec-
tivity in etching the layers of A element easier. Consequently, the synthesis of MXenes
from MAX phases is assisted effectively. MXenes are not only obtained from the
MAX phases, but non-MAX-phase precursors also participate in the synthesis of
MXenes [15]. M0,Ga,C and Zr3Al;Cs are such non-MAX phase precursors [16]
which yielded Mo,CT, and Zr;C, T, MXenes, respectively, by etching layers of Ga
from the former one and Aluminum carbide (Al3C3) from the latter. An illustration
of Biomedical applications of MXenes from Nanomedicine to Biomaterials is shown
in Fig. 8.1.

In these non-MAX phases, metal layers [17] are separated by the layers of carbon.
It has been revealed in the previous study that MXenes should be synthesized and
annealed below 800 °C within a controlled atmosphere to obtain 2D instead of getting
a cubic phase. For the treatment of cancer and tumors, MXenes’ surface chemistry
has been utilized in which superparamagnetic two-dimensional Ti;C, MXenes were
fabricated. The superparamagnetic crystals of Fe;O4 were subjected to the in-situ
growth over the surface of Ti;C, MXenes. This enhanced the magnetic resonance
imaging of cell analytes as well as promoted the photothermal destruction of the
cancerous cells and ablated the tumor tissues.

The synthesis of MXenes includes a wet etching mechanism also. This category
involves etching using hydrofluoric acid (HF), fluoride salt and the process of delam-
ination, which discloses many properties in the two-dimensional state. The MXene
has an overall crystalline structure with hexagonal close-packed stacking and some-
times face-centered cubic stacking. Surface terminations are largely affected by the
conditions of delamination as well as the etching atmosphere. The transition metals,
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Fig. 8.1 Anillustration of biomedical applications of MXenes from nanomedicine to biomaterials.
Reproduced with permission from L. Chen, X. Dai, W. Feng, Y. Chen, Biomedical Applications
of MXenes: From Nanomedicine to Biomaterials, Acc. Mater. Res. 3 (2022) 785-798, American
Chemical Society. https://doi.org/10.1021/accountsmr.2c00025 [19]

the after-treatments of synthesis and the storage factor all influence the surface func-
tional groups of MXenes. Surface chemistry [18] of MXenes, on the other hand,
depends on the types of etching solutions involved.

8.2 Structure of MXenes

8.2.1 C(lassification on the Basis of Arrangements of Atoms

MXenes are classified into four categories on the basis of their structural arrange-
ments. They are

(i) Mono-transition metal MXenes
Examples—Ti,C and NbyCs.


https://doi.org/10.1021/accountsmr.2c00025
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(i)

(iii)

(iv)
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Solid solution MXenes: M layers consist of two transition elements with
randomly arranged patterns. These are comparatively less stable than ordered
arrangements with the same composition.

Examples—(Ti, V)3C; and (Ti, V),C.

Ordered double-transition metal (M) MXenes: These are the solids where
one or two layers of one M element are adjusted between the layers of another
M element.

Examples—(Cr, V) C, and (Mo, Tiy) Cs.

The forms of ordered double transition metals MXenes are M';M”C, and
M',M”,C3, where M’ and M” are the two different transition metals. These are
often denoted as M'M” Xene. At 0 K, most of them are found to be stable. Their
stability could be varied when surface termination and entropy are considered.
Ordered divacancy MXenes

Examples—Mo; 33C and W 33C [20].

With the atomic etching of Al and Sc from the atomically laminated [21] 3D Max
phase parent (Moy/3Scy/3),AlC, two-dimensional sheets of Moy 33C having ordered
divacancies with enhanced electrical conductivity are evolved. Such vacancies are
not present in its counterpart Mo, C.

8.2.2 Classification on the Basis of Dimensions

®

(i)

(iii)

8.3

1D-MXenes

They are not still extensively studied so far. Ti,Cy(n = 1, 2), V,C nanorib-
bons, and armchair-shaped and zigzag nanoribbons were chosen to explore the
characteristics of 1D-MXenes.

2D-MXenes

The assembly formation, as well as the self-piling up of layers, are quite difficult
in 2D-MXenes, though a wide range of studies can be seen in this structural
configuration.

3D-MXenes

This structure has manifold applications like energy storage in the form of
supercapacitors [22], lithium-ion batteries and electrocatalysis.

Synthesis of MXenes

Top-down approach is easy to access for the synthesis of MXenes instead of Bottom-
up approach.
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8.3.1 Top-Down Method

There are several etching techniques, which are constituted under the Top-down
approach, such as HF etching method, Bifluoride (NH4HF;) method, LiF/HCI1
etching method, molten salt etching and minimally intensive layer delamination
(MILD) etching method. All these methods are used for etching Al from several
Al-based MXenes like TizAlC,, TisAIN3, Ti; AlC, etc. The etching responses are
alike when other fluoride salts are used in place of LiF for the LiF/HCI method.
Similarly, H,SOy can be the alternative to HCl in the process and so on. The MILD
etching method produced an exceptionally superb MXene over other previously
discussed etching methods. Since fluorine is an environmentally hazardous element,
so without exploiting the fluoride base, several MXenes, such as Nb,CTy are synthe-
sized, employing the etching technique with the electrochemical exfoliation method.
Several properties, like the transfer of electrons and enzymatic performance, are
improved by utilizing fluorine-excluded MXenes. Not only aluminum (Al) was
used as a unit, but rather AICI; unit was also involved, which are called non-MAX
phases, constituting YAl;C3; and Zr3Al;Cs. The MAX phases as well as non-MAX
phases both are used to classify various etching methods during the synthesis of
MXenes. UV inhalation [23] physical approach is also adopted for the etching mech-
anism. A surface chemical reaction is also motivated using UV radiation. It also
promotes the green synthesis of MXenes. Ga can be etched out of Mo,Ga,C precur-
sors using UV radiation when combined with a mild acid. Mo,Ga,C is reported to
respond efficiently to UV radiation by absorbing effectively. MXenes with ultra-pure
graphene-like two-dimensional architecture evolved using this method.

8.3.2 Bottom-Up Method

Since the internal structure, configuration and many such features of MXenes have
not been studied and revealed so deeply, the synthesis of MXenes via Bottom-up
routes becomes quite inaccessible.

Three methods dominate under Bottom-Up routes.

(i) Chemical vapor deposition (CVD)—CVD process, carried away using two

steps only, yielded many MXenes like Mo,C, WC and their hybrid structures
[25] like Mo, C/graphene heterostructures, Mo, C-graphene hybrid [26] films
and many more.

(ii) Template method—Using this method, several two-dimensional structures
like MoOs3 and h-MoN nanosheets were obtained [27].

(iii) Plasma-enhanced pulsed-laser deposition (PE-PLD)—This process
proceeds with the conjugation of two mechanisms—Plasma-enhanced CVD
(PE CVD) and pulsed-laser deposition (PLD).

According to the composition, MXenes can be divided into three different
formulas: M, X, M3 X,, M4 X3. On the basis of structure, MXenes can also be divided:
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mono-transition metal MXenes, solid solution MXenes, ordered double-transition
metal (M) MXenes, and ordered divacancy MXenes, as shown in Fig. 8.2.

(@ M,X M:X; M.Xs
Mono-transition metal MXenes

Ordered divacancy

@ Solid solution double-M
©®  Theoretical
Ordered double-M
Experimental

Fig. 8.2 a According to the composition, MXenes can be divided into three different formulas: M»
X, M3 X3, My X3. On the basis of structure, MXenes can also be divided: mono-transition metal
MXenes, solid solution MXenes, ordered double-transition metal (M) MXenes, ordered divacancy
MXenes. Reproduced with permission from J. Huang, Z. Li, Y. Mao, Z. Li, Progress and biomedical

applications of MXenes, Nano Sel. 2 (2021) 1480-1508. https://doi.org/10.1002/nano.202000309
[24]
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8.3.3 Bottom-Up Approach Over Top-Down Technique

There are a few factors that are responsible for the choice of the synthesis method
being adopted for MXenes, which provide an ease during preparation procedures.

(i) Easy to manage the structure
(i) The composition of elements
(iii)) Morphological modification.

8.3.4 Various Synthesis Mechanisms of MXenes

Elimination of ‘A’ part from the primary MAX phases results in the yielding of
MXenes. For example, when Al is removed from TizAlC,, Ti3C, MXenes are
collected.

(i) Alkali Etching Strategy—In the method, conc. NaOH solution is treated with
TizAlC; to yield Ti;C, MXene free from fluorine.
(i) Molten Salt Etching Route—In this strategy, molten salt of Lewis acid is used.
The cation of the salt and A element undergoes a direct redox coupling reaction.
This method is useful for obtaining MXenes from MAX phases containing Al
or even having no Al content (like Zn, Ga or Si).
(iii)) Molten Cadmium bromide salt route—Here, cadmium bromide is exploited
as an etchant to produce MXenes with bromide termination.
(iv) Halogen-assisted etching strategy—Here, halogens are used during
synthesis.
(v) Ultrafast acoustic-assisted synthesis—Acoustic waves are utilized.
(vi) Water-free etching methods—This method has also been used recently to
fabricate MXene-based composites.
(vii) HF and in situ HF etching strategy—This is one of the strategies generally
employed for synthesizing biomedical-consistent MXenes.

MXenes are not only obtained from the MAX phases, but non-MAX-phase precur-
sors also participate in the synthesis of MXenes. Mo,Ga,C and Zr;Al;Cs are such
non-MAX phase precursors which yielded Mo,CT, and Zr;C, T, MXenes, respec-
tively, by, etching layers of Ga from the former one and Aluminum carbide (Al3C3)
from the latter. In these non-MAX phases, metal layers are separated by the layers
of carbon. The etching time and etching temperature are both very significant as
these can compel the MAX phase [28] to convert completely to MXenes. But, this
results in the least quality yield of the flakes because of the presence of more defects
[29]. MXenes prepared using V, Nb, Ta and Mo need a highly aggressive atmosphere
while etching.
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8.3.5 Freeze-Drying Treatment

The freeze-drying method was employed to enhance the electrochemical activity and
ease the self-stacking mechanism during the synthesis of MXene film electrodes.

With the help of the sublimation process, the solvent molecules, which have been
frozen, were eliminated. Hence the unfavorable conditions led by Van der Waals
forces were relieved. The interlayer distance also increased. The freeze-dried MXene,
also called f-MXene films, depict the ultimate structural porosity with a fascinating
and effective ion-diffusion activity as well as a transport channel [30]. Figure 8.3
shows 0D/2D MXene-based nanomedicines.
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Fig. 8.3 0D/2D MXene-based nanomedicine. a Schematic illustration of the preparation of super-
paramagnetic composite TasC3 for multimodal imaging-guided PTT. b MR images and ¢ CT images
of tumor-bearing mice after injection of superparamagnetic composite Ta4C3. d Tumor volume
curve of mice under different treatments. e Schematic illustration of the preparation of POM-
functionalized TizC, MXenes. f Schematic illustration of IONP-functionalized TizC, MXenes
for hyperthermia-enhanced sequential catalytic cancer therapy. g Immunohistochemical images of
tumor slices and corresponding photos of tumor-bearing mice after different treatments. Reproduced
with permission from L. Chen, X. Dai, W. Feng, Y. Chen, Biomedical Applications of MXenes:
From Nanomedicine to Biomaterials, Acc. Mater. Res. 3 (2022) 785-798, American Chemical
Society. https://doi.org/10.1021/accountsmr.2c00025 [19]
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8.3.6 MXenes Surface Engineering

The surface of MXenes constitutes a larger area, some functional groups like —OH,
—0 and —F, high-density electric charges [31]. So, the surface engineering is done
with the help of processes like electrostatic adsorption, Van der Waals forces and
hydrogen bonding [32]. Undresses MXenes are unstable and react quickly with the
particles present in the environment, so without disturbing the morphology, MXenes
undergo various surface alteration mechanisms.

The surface of MXenes can be modified in three ways:

(a) Compound-based strategy
(b) Inorganic nanoparticle-based strategy
(c) Metal-nanoparticle-based strategy.

8.3.6.1 Compound-Based Strategy

It is also called the polymer-based method, in which polymers like polyethylene
glycol (PEG), soybean phospholipid (SP), hyaluronic acid (HA), polyvinyl pyrroli-
done (PVP) etc. and even their mixture is engineered in order to alter the surface
properties of MXenes. The strategies attained to manage the polymers on the surface
using self-initiated photo-grafting and photo-polymerization (SIPGP).

Physical adsorption interaction methods and non-covalent bonds are some
common methods deployed for the surface-adjusting techniques.

8.3.6.2 Inorganic Nanoparticle-Based Strategy

The inorganic nanoparticle used for altering the surface properties are mesoporous
[33] silica nanoparticles (MSN), ZnO [34], SnO,, SnS, CoS, NiFe,0,4 and Mn30y.
The combination of nanoparticles and MXenes is used in biosensors also.

The modified features of the surface of MXenes now provide enhanced
hydrophilicity and dispersity, mobilizing surface particles and promoting excellent
bioactivity and stability [35].

8.3.6.3 Metal Nanoparticle-Based Strategies

Noble metals are included under this strategy Ag, Si and Pt are the most commonly
used metals under this category. Biofouling resistance comes into play, where the
electrochemical signal is received efficiently and speedily. Besides Au, Ag and Pt,
Cobalt and Bismuth nanoparticles are also used in the mechanism where cobalt can
upgrade the photoelectric catalysis process along with the charge transfer responses,
while Bismuth can boost the sensing capabilities.
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8.4 MXenes-Derived Quantum Dots (MQDs)

Primarily, MQDs are plenteous with multiple features like brilliant electrical conduc-
tivity [36], abundant active sites, highly dispersible, easily manageable morphology,
effective water solubility [37], optically active and variability in functionalization.
Owing to these features, they are remarkably applied as sensors, catalysts, and store
energy, used in optoelectronic devices [38] and in various biomedical fields.

8.4.1 Synthesis of MQDs

MQDs [39], such as TizC, QDs, have been synthesized using the hydrothermal
method from Ti;C, MXenes. They have an excellent capability of fluorescent emis-
sion, due to which they are recognized as effective nanoprobes [40] for diagnosing
cancer biomarkers [41, 42]. Likewise, V,C [43] QDs prepared using V,C MXenes
proved to possess an extraordinary feature of magnetic resonance imaging.

8.4.2 Properties of MQDs

(i) The as-prepared Ti;C, QDs, in an aqueous solution, exhibit unique salt-tolerant

features, anti-photobleaching capacity and consistent dispersibility.

(i) They can detect alkaline phosphatase (ALP) activity as well as monitor the
enzymatic behavior accurately to determine embryonic stem cells (ESC).

(iii) MQDs show brilliant photoluminescence effects over two-dimensional
MXenes nanosheets.

(iv) Monolayered hydrophilic MQDs TisC, were reported to possess an excel-
lent quantum confinement effect with excitation-based PL spectra and 10%
quantum yield.

8.4.3 Difficulties with MQDs

(1) Synthesis techniques and mechanisms
(i) Functionalization of morphology
(iii) Biocompatibility and cytotoxicity.



8 Progress of MXenes in Biomedical Sciences 159

8.5

Current Assistance of Mxenes in Biomedical Areas

MXenes are currently being utilized in several biomedical fields.
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(iii)
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(vii)

Therapeutic Operations

Bioimaging with contrasting media
Nanozymatic strategies

Biosafety, biodegradability and biocompatibility
Photothermal therapy

Photoacoustic imaging

CT imaging

Reactive Oxygen Species (ROS) scavenging
Nano-dynamic therapy

Nano-catalytic therapy.

Features of MXenes Useful for Biomedical Extension

Strongly absorbable in the near-infrared region (NIR)—This property
of MXene helps in the photothermal treatments in an efficient manner,
particularly in the NIR I or NIR II bio-window.

Surface Plasmon Resonance Effect and tunable bandgap—This feature
enables MXenes to produce reactive oxygen species (ROS) for Nano-dynamic
treatments upon illumination of ultrasonic waves.

Ultrasmall dimension and ample defects—Such MXenes are incorporated
in imaging and sensing biomolecules.

Presence of metallic components in MXenes—The atoms of heavy metals
present in MXenes led them to be utilized as unique contrasting media during
magnetic resonance imaging (MRI) and computed tomography (CT).
Atomic Redox activities—The atoms of the metallic component of MXenes
show redox performance which contributes to the enhanced catalytic ability
towards multiple enzymatic behaviors.

Ease of Compatibility and degradation—This feature facilitates the removal
of unwanted elements from the body and is hence utilized for biomedical
theranostic applications [44].

The ability of Impersonating Enzymatic Behavior—MXenes serve as
nanozymes in biomedical zones. The term “MXenzyme” was also introduced
in recent studies, which account for the interdependence between V,C MXenes
as well as enzymes and so-named “V,C MXenzymes”. It was reported that
V,C MXenzymes exactly resemble the behavior of many enzymes effectively
exploited in biochemical reactions [45]. The enzyme-mimicking capability of
MXenes is shown in Fig. 8.4.
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Fig. 8.4 Enzyme-mimicking capability of MXenes. a, b Schematic illustration of the multiple
enzyme-mimicking capabilities of V,C MXenzyme for ROS scavenging. ¢ Confocal laser scan-
ning microscope (CLSM) images of C11-BODIPY581/591-stained 1.929 cells under corresponding
treatments to assess lipid peroxidation. d Western blot results of specific enzyme expression in PC12
cells under the corresponding treatments. e Immunohistochemical images of TH expression in brains
after the corresponding treatments (magnified images of squares below). f Simulated structures of
Nb,C under attack of *OH. g Schematic illustration of the enzyme-mimicking activity of Nb,C
MXenes to promote hematopoietic recovery after IR irradiation. Reproduced with permission from
L. Chen, X. Dai, W. Feng, Y. Chen, Biomedical Applications of MXenes: From Nanomedicine to
Biomaterials, Acc. Mater. Res. 3 (2022) 785-798, American Chemical Society. https://doi.org/10.

1021/accountsmr.2c00025 [19]

8.7 Properties

8.7.1 Colloidal Stability

Colloidal Stability of MXenes can be achieved by the functionalization of the surface
with natural or synthetic macromolecules through non-covalent interactions. The
fundamental properties of MXenes are shown in Table 8.1.
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Table 8.1 MXenes fundamental properties

Electrical Optical Magnetic Mechanical properties
properties properties properties
Affecting |+ Synthesis * Energy band * Composition | Thickness of atomic
factors Method structures of ‘M’ in layers
. Constituting which further Mxene e Surface termination
material depends upon: | Surface » Surface functionalization
* Surface — Surface termination « Number of atomic layers
Properties functional and surface
* Internal group functional
structural — Electric field groups
arrangement — Electronic ¢ External
¢ External localization electric field
factors like — Doping
temperature,
pH, humidity
etc.
* Energy
density
Fixing of | ¢ Adopting * By optimum ¢ Rise in To form composites using
problem methods calibration of external different materials like 2D
yielding less layer thickness electric field | MXenes having micro/
number of » Through value, nano scaling when
defects, for variation in magnetic combined with 1D
example ion- moment and | nanofibers of cellulose
fluorine-free intercalation hence the having strong bonding
synthesis and molecular effective mass | between H-atom to
* Varying intercalation reduces produce soft-layered
surface techniques ¢ Thus, the actuator
functional * By tuning conductivity
groups to bandgaps enhances
modify through
bandgaps modification in
* Increasing surface
interlayer termination,
separation the
* Modifying phenomenon of
previous catalysis is
architectures enhanced

By altering ‘M’
contained in
MXenes

8.7.2 Optical Properties

Due to excellent photoluminescence optical response, an effective participation
of MXenes in photocatalytic reactions, biosensors and in many biomedical areas
like photoacoustic imaging, photothermal therapy (PTT), photodynamic treatments
(PDT), and helps in limiting the undesirable drug leakage.
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8.7.3 Magnetic Properties

8.7.3.1 Effect of External Electric Field

Due to the presence of an external electric field [46], few MXenes, such as
Ti,C get converted from antiferromagnetic (AFM) semiconductor to Ferrimag-
netic (FIM) semiconductor, magnetic as well as non-magnetic metals, non-magnetic
semiconductor and half-metal.

8.7.3.2 Effect of Surface Functional Groups

The magnetic properties of MXenes start vanishing due to the existence of surface
terminals. There exist some p-d bonds between M atoms and T groups which reduces
the number of atoms near fermi levels. This leads to the disappearance of magnetism
from the sites.

8.7.4 Hydrophilic Properties

The properties of hydrophilicity and biocompatibility, both are closely related to each
other. Hydrophilicity arises due to surface termination having functional groups like
hydroxyl (-OH), (-O) and (-F).

Owing to hydrophilic activities of MXenes, many advantages can be observed.

(i) Enhance the interaction with the polymer matrix.
— So, can be deployed for the synthesis of nanocomposites.

(ii) Its combination with electrical conductivity and 2D layered atomic structures
[47] led to the discovery of biocompatible FET.

— So, the response becomes faster and easier to collect.

(iii) This property is effective in MXenes surface functionalization [48] as well as
antibacterial performances [49].

— So, obstruct the bacterial growth during direct assimilation.
(iv) Facilitates with large surface area.

— So, enhances drug-holding capacity of MXenes.
(v) Polar or ionic molecule’s adsorption becomes possible.

— So, helpful for environment also.
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8.8 MXenes Approach in Biomedical Sciences

8.8.1 Sensing Devices

MXenes find a multiple application in the field of biomedical sciences when
employed as sensing devices. These are utilized in bioimaging, biosensing, ther-
apeutics, as drug carriers etc. using optical and electrical signals.

8.8.2 Biological Sensors

A biosensor consists of a sensing component—It responds to its complementary
analyzing element and a transducer—It converts biochemical signals to electrical
and optical signals. An analyzer—It is used to interpret and analyze the collected
information.

MXenes have become a recognizing candidate in the evolution of extraordinary
biosensors [50, 51] owing to their high surface-to-volume ratio, unique electrical and
optical features, fascinating availability of large number of surface functional groups
along with brilliant hydrophilic behavior.

(a) Electrical Sensing—A biosensor can sense several compounds like H,O,
[24], nitride [52, 53], glutathione [54], glucose [55-58], dopamine [59, 60],
epinephrine[61], organophosphate [62] pesticides [63—-66] using electrical
signals generated from the surface modified by introducing different analytes
constituting proteins and amino acids.

(b) Optical Sensing—Sensing devices can sense optical signals based on which
they are classified into two types—electrochemiluminescence (ECL) biosensor
and surface plasmon resonance (SPR) biosensor.

e ECL biosensors—This biosensor is utilized for sensing proteins, enzymes
and DNA. These biosensors are cost-effective, respond very quickly, manifest
extraordinary controllability and sensitivity [67].

e SPR biosensors—This biosensor was used for sensing carcinoembryonic
antigen (CEA) in human serum for detection [68] and treatment of cancer
cells. These biosensors exhibit excellent and real-time and quick response,
support molecular motion, can work with very little sample quantity, broadly
applicable, best performance analysis, enhanced sensitivity with brilliant
monitoring and analysis processes.

(c) Physical Sensor—MXenes possess electronic [69] as well as mechanical
features which hold the ability to modify the nature of electrical signals to
respond to some physical conditions like pressure and tension [70-73]. Several
human body functions like muscular strains/ Physiological detection processes
are carried out by Physical sensors, fabricated using MXenes.
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Synthesis of Physical (or Pressure) sensor:

MXene tissue paper is first prepared using the solution of MXene nanosheets in which
normal tissue papers are dipped. The tissue paper so obtained is then subjected over
the layers of PLA using interdigitated electrodes. At last, PLA sheet which is black in
color and of extremely thin dimension is used to wrap the developed structure [74].
This Pressure sensor [2] showed several astonishing features like excellent sensi-
tivity, least detection limit, negligible power dissipation, and unique reproducibility
even after 10 K repeated cycles. The feature which cannot be overlooked is its easy
degradability.

8.8.3 Bioimaging

This category includes several types of imaging related to the biomedical fields—
Imaging based on photo-acoustics, X-ray computation and luminescence property of
the materials. Medical diagnosis using bioimaging has become possible on account
of quantum confinement, photothermal effects and several contrasting agents (Cas).

(a) Bioimaging based on Photo-acoustics—This is also termed as Photoacoustic

imaging (PAI). The radiation photons scatter remarkably in the body tissue
system which control many diagnosis procedures in the biomedical fields. The
photo-acoustics based on light are capable of solving this issue by transforming
optical energy into sound energy and hence in-depth tissue imaging could
become possible. In this technique, biomolecules absorb photons to produce
ultrasonic waves, which in turn, are utilized by the detector for obtaining tissue
images [75].
MXene being a semi-metallic possess efficient absorption and conversion ability
as well as having localized surface plasmon resonance (LSPR) property due to
which it could participate in the bioimaging process based on acoustics. MXenes
also serve as an efficient contrast agent for photoacoustic imaging.

(b) Bioimaging based on Magnetic Resonance effect—This is also termed as

MRI. Due to the presence of heavy metals [76], MXenes are utilized as
contrasting agents (CA) for MR imaging. The techniques applying magnetic
resonance effect provide high resolution, enhanced sensitivity response with
negligible ionization effect. This imaging technology contributes in the treat-
ment of cancer and tumors.
For the treatment of cancer and tumors, MXenes’ surface chemistry has also been
utilized in which superparamagnetic two dimensional Ti3C, MXenes were fabri-
cated. The superparamagnetic crystals [77] of Fe;O4 were subjected to the in-
situ growth over the surface of Ti3C, MXenes. This enhanced the magnetic reso-
nance imaging of cell analytes as well as promoted the photothermal destruction
of the cancerous cells and ablated the tumor tissues. MXenes for bioimaging
are shown in Fig. 8.5.



8 Progress of MXenes in Biomedical Sciences

ih

15min 30 min

3 min

(C) Pre

Excited by 405 nm
()

MQD-100

MQD-120

165

Time (h)

-
o

$

Excited by 488 nm

&8 A0 A8 2 28
Time (h)
Excited by 543 nm

(h)

Fig. 8.5 MXenes for bioimaging. a After intravenous injection with NboC-MSNs-SNO, PA
images in vivo and corresponding signal intensities of the tumor were shown. b Before and after intra-
venously injection with Ti3C,—IONPs—SPs, transverse, coronal section and corresponding signal
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right picture demonstrated time-dependent CT values after intravenously injecting with TasCs-
IONP-SPs. In which the red circles mark the tumor sites. d—k Bright-field and confocal imaging
of RAW264.7 cells were shown. Reproduced with permission from J. Huang, Z. Li, Y. Mao, Z. Li,
Progress and biomedical applications of MXenes, Nano Sel. 2 (2021) 1480-1508. https://doi.org/

10.1002/nano.202000309 [24]
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(c) Tomography based on X-Ray computation—This is also known by the term
CT imaging. Computed tomography (CT) is remarkably used for tracing lesions
very distinctly. This technique is executed through the variation in absorbed
X-Rays at the tissue sites during bioimaging. MXenes are used as a contrasting-
agents in the form of nanoparticles which consists of an element with a large
charge number. Ta;C3 MXene based nanocomposite [ 78] TayC3-IONP-SPs (iron
oxide nanoparticles) were reported to exhibit an efficient photothermal conver-
sion capacity of 32.5% with an outstanding success in the 100% removal of the
tumor cells.

(d) Bioimaging based on Luminescence—MXenes exhibit tunable luminescence
property which enables them to be utilized in bioimaging. The photolumines-
cence of MXene reveals about its least dimension and plentiful defects which
encourage their applications in bioimaging, biosensing and molecular imaging.
Monolayered hydrophilic MQDs Ti3;C, were reported to possess an excellent
quantum confinement effect with excitation-based PL spectra and 10% quantum
yield (QY). The as-synthesized Ti;C, MQDs are capable of sensing Zn>* ions
with large selectivity.

The functionalization of the two dimensional sheet of Ti3C, MXene with GAW -
based polyoxometalates (POMs) [79] yields a multifunctional hybrid nanocomposite
GdW o @Ti;C, which incorporates in the hydrothermal treatment to destroy tumor
cells by root. Not only this, both MR and CT imaging become possible with this
structure. The hybrid structure acts like a contrast agent for the bioimaging based on
magnetic resonance and computed tomography. Many previous studies demonstrated
that GdAW o @Ti3C, nano-bio-composite has an excellent biocompatibility, so can be
efficiently utilized in biomedical fields. The functionalization of the two dimensional
sheet of TizC, MXene with GdWy-based polyoxometalates (POMs) is shown in
Fig. 8.6.

8.8.4 Tissue Engineering

MXenes are widely used in tissue engineering which constitutes engineering with
bones, skin, nerves, heart and kidney tissues.

(a) Bone-based Engineering—Ti;C,T, MXenes are used to modify the tensile
strength of nanocomposites. In the form of nanosheets, Ti;C,T, MXenes
become highly biocompatible, regenerate guided bone [80] structure, improves
osteogenic differentiation and promote osteo-inducibility. MXenes are biocom-
patible both in vivo as well as vitro [81, 82].

(b) Skin-based Engineering—Skin can be regenerated and repaired when skin
tissues are engineered using MXenes. Bacterial cellulose (BC)/ TizC, hydrogel
was reported to utilize the process of cell co-culture and electrical simulation
coupling for performing skin tissue engineering.
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Nerve-based Engineering—Ti;C, MXene neural [83] microelectrode has been
reported to capture neuronal activities very accurately with high sensitivity.
These microelectrodes have outstanding flexibility, extremely small impedance
and are highly conductive. Neuroelectronic devices based on Ti3;C, have also
been fabricated. TizC, micro-neural electrodes [84] have some advantages like:

e The interface impedance is about four times less than that of gold microelec-
trodes of equal dimension.

e They have more signal-to-noise ratio and reduced baseline noise.

e Neurons based on Tiz;C, are more sustainable, can develop axons and
construct functional networks.

Cardiac-based Engineering—MXene Ti,C was used to fabricate engineered
cardiac patches (ECP) capable of fixing myocardial infarction (MI) [85]. It has
been found that when Ti,C-8-cryogel ECP was transplanted to the infarcted
heart, the heart started working remarkably well, the size of the infarct reduced
and further inflammation was obstructed. A new arteriole has also been evolved
along with the vasculation process.

Kidney-based Engineering—Ti;C,-PVP nanosheets (TPNS) [86] demon-
strated an excellent anti-oxidative and perfectly biocompatible properties. TPNS
provides the cytoprotective effects against ROS destruction as well as against
cell apoptosis. The concentration of TPNS largely affects the rate of cell death
or the protection effect. The treatment of Acute Kidney Injury (AKI) and many
diseases associated with ROS are confirmed by the non-enzymatic antioxidant
MXene assisted by ultrathin TPNS and mediated by redox reaction.
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(f) Three-dimensional Bioprinting

3D bioprinting has been revealed to be an efficient technique for the regeneration
of impaired tissues. MXene Ti3;C, was used in the form of nanosheet to process
an electroconductive cell-laden bioink [87]. Ti3C, is completely dissolved into
hyaluronic acid/alginate (HA/Alg) hydrogels and yields MXene-based hydrogel
bioinks. The as-prepared bioinks demonstrated excellent electrical conductivity
and rheological properties. This technology played a significant part in the
advancement of tissue as well as neural engineering [88].

8.8.5 Antimicrobial Biomedical Applications

Ti;C,Tx MXene nanosheets interact directly with the cell membrane due to which
in the course of time, the cell structure destroys completely. High reducing ability,
surface reactivity feature and nano-scale size all make the direct penetration and
contact to the cell membranes possible. The MXene nanosheet antimicrobial exer-
cises greatly depend on the dimension and time to which they have been exposed.
Smaller the size of the nanosheets, higher will be antibacterial functions. The direct
contact between the sharp edges of the nanosheet and membrane surface of the
bacteria play an important role in the antibacterial mechanism. Titanium carbide
@ cuprous oxide (Ag@ Ti;C, @Cu,0) nanocomposite [89] was also prepared with
enhanced photocatalytic antimicrobial performance.

8.8.6 Therapeutics

(a) Photothermal Therapy (PTT)—PTT is the best alternative to the traditional
treatment of cancer cells as well as chemotherapy which have many side-effects.
PTT helps in tumor ablation in which NIR light is absorbed from the tumor-
center transformed into heat energy. MXene is the most suitable aspirant for
PTT due to its highly efficient photothermal conversion ability, abundant surface
functional groups and hydrophilic property. PTT response varies with the depth
to which the laser beam [90] penetrates or tumor is located, photothermal conver-
sion efficiency, the time of optical excitation and optical power density. PTT is
also utilized to energize and activate bacteria resistance to multiple drugs.

(b) Therapeutic microneedle patch—For the photothermal ablation of tumor
cells, a microneedle made of polyvinylpyrrolidone (PVP) assisted by Nb,C
MXene nanosheets [91, 92] was developed. This microneedle [93] has a special
feature of good solubility in the presence of NIR biowindow (NIR-II). When
this needle is penetrated into the tumor location, it starts dissolving and releases
Nb,C Nanosheets [94].
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Fig. 8.7 Therapeutic microneedle patch functions for photonic implantable medicines. Reproduced
with permission from S. Lin, H. Lin, M. Yang, M. Ge, Y. Chen, Y. Zhu, A two-dimensional MXene
potentiates a therapeutic microneedle patch for photonic implantable medicine in the second NIR
biowindow, Nano-scale. 12 (2020) 10,265-10,276. https://doi.org/10.1039/DONR01444C [93]
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This process restricts the further growth of tumor cells and enhances the rate of
survival. The MXene microneedle was tested to be biocompatible with negli-
gible toxic effects and functions for photonic implantable medicinesis shown in
Fig. 8.7 [95].

Photodynamic therapy (PDT)—MXenes are used to sensitize reactive oxygen
species (ROS) in the PDT mechanism. The tumor cells are efficiently eradicated
by employing sensitized ROS. So, ROS generation has become very significant
in the biomedical fields. Ti;C,-DOX was found to generate ROS by degrading
the HA cell to reveal the active sites of Ti;C, nanosheets.

Previous studies enlighten that energy transfer mechanism of photo-excited
electrons and LSPR effects are responsible for the generation of ! 05, by utilizing
Ti3C, and other MXenes in the techniques.

Thermodynamic Therapy (TDT)—MZXenes’ surface is rich in such compo-
sitions that enable their bandgaps to be modified and enhance surface plasmon
resonance (SPR) effect. Due to this, MXenes comfortably generate ROS when
irradiated with ultrasonic waves.

The tumor sites have lack of oxygen molecules, so it is quite difficult to generate

ROS at those sites in order to destroy the tumor and cancer cells. Knowing
this, the thermodynamic therapy was introduced which employs free radicals to
damage cancer cells. The treatment mechanism was analyzed using multiple peak
fluorescence, photoacoustic and photothermal bioimaging.
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8.8.7 As Drug Carriers

MXenes are emerging as effective drug carriers because of the availability of large
functional groups over the surface, their planar structure, presence of excessive
surface negative charges and excellent biocompatible property. Ti3C, was the earliest
MXene used for the drug delivery mechanism, whose surface needed to be altered and
modified for the better performance. The tumor sites constitute small pH values due to
which the electrostatic force experienced by drug and MXenes is obstructed. TizC,-
DOX responds to heat, light, pH-values and enzymatic activities. A thin film [96] of
therapeutic mesopore was grown over the surface of Nb,C MXene nanosheet using
the sol-gel method. This nano-therapeutic Nb,C MXene nanosheet demonstrated
photothermal conversion efficiency (PTCE-light to heat) of 28.6% that removes
cancer cells by adopting conjugation of chemotherapy and photothermal treatment
(PTT).

When DOX is carried on by cellulose/MXene hydrogel [97], DOX releasing is
found to be accelerated when illuminated by 808 nm wavelength radiation. This
accelerated release is observed because of the expansion of holes on gaining energy.

8.8.8 Surface Engineering for the Colloidal Stability

Colloidal Stability of MXenes can be achieved by the functionalization of the surface
with natural or synthetic macromolecules through non-covalent interactions.

Soyabean phospholipid (SP), a natural macromolecule was reported to provide
colloidal stability to several composites of MXenes like MnOx/Ti3C,, MnOx/TasC;
and TasC; via physical absorption technique. Another macromolecule Bovine serum
albumin (BSA) was also found to contribute for the colloidal Stability to W;.33C
i-MXenes using hydrogen bonding and Van der Waals forces.

There are few synthetic biocompatible macromolecules of polymers like poly
vinyl alcohol (PVA), Poly vinyl pyrrolidone (PVP) and poly ethylene glycol (PEG)
which also participate in managing colloidal stability to the ultrathin MXenes [98].
Biomedical properties and applications of MXenes in shown in Fig. 8.8 and Table 8.2.

8.8.9 Compatibility and Degradability in Biomedical Science

The biodegradation of Nb,C MXenes was reported which explained that their decom-
position took place in just a single day with human myeloperoxidase (hMPO) and
hydrogen peroxide. It employed the enzyme-assisted degradation route. Later TizC,
MXenes underwent degradation using enzyme/ROS-triggered route. Mo,C MXenes
degraded biologically using pH-dependent degradation route and it took about two
days to decompose. The biodegradation of MXenes generally takes a long time, and
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Fig. 8.8 Biomedical properties of MXenes in summary, Reproduced with permission from J.
Huang, Z. Li, Y. Mao, Z. Li, Progress and biomedical applications of MXenes, Nano Sel. 2 (2021)
1480-1508. https://doi.org/10.1002/nano.202000309 [24]

when they are adversely etched and delaminated, it becomes chemically unstable,
which can be then decomposed through oxidation reactions [99]. The process of
degradation can be accelerated in the presence of abundance of enzymes and strong
ionic environment. The biological compatibility of biomaterials based on MXenes
is largely influenced by the morphology, structural configuration as well as surface
chemistry.
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8.9

(a)

(b)

(c)

()

(e)

®

Necessary Demands for Advancement in Biomedical
Areas

Stability and Control Over Techniques

Injection of MXenes for curing tumor effects may lead to an uncontrolled
leakage of drugs and many such instabilities. More work needs to be done
to enhance the stability factor of MXenes.

Hybridization of MXenes

Single MXenes, without any hybridization could not carry on the diversity
in therapeutic and rehabilitation effects. MXenes should be decorated with
structures having diverse dimensional features such as 0D, 2D and 3D layered
biomaterials.

Extension in Multiple Fields

Biomedical fields provide MXenes to participate in analyzing sensing, imaging,
photothermal, photodynamic and thermodynamic operations as well as drug-
delivery systems. Biosensing strategies are attained using electrical and optical
signals.

Combination of Additional Elements

MXenes need to be combined with some additional functional elements to
broaden its applicability. MXene-based biomaterials should be fabricated.
Solution to the Problems

e Oxygen-deficient microenvironment of tumor-sites.
e Biased heat-resistance of cancer cells.
e MXenes are limited to the cancer and tumor cells treatments only.

Ecofriendly Synthesis Mechanism

Ecofriendly approaches are essentially to be attained in order to fabricate MXene
nanosheets. The inexpensive and scalable synthesis methods significantly need
to be discovered.

8.9.1 Subsequent Future-Possibilities

()
(ii)
(iii)
(iv)

)
(vi)

Investigation of long-term toxicity

Pharmacokinetics

Biodistribution of MXenes in small animal models as well as large animal
models

Explore more synthetic methods of top-down and bottom-up results in an
uncontrolled effort over experiments

To develop more innovative surface modification strategy

Researches on electrical and optical properties [100] are more but less on
magnetic properties.
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(vii) To develop unique structures to improve electron-transmission capacity and
increase the drug-carrying area.

8.9.2 Living Cell Toxicity in Biomedical Applications

The study of living cell toxicity becomes very relevant when one makes a selec-
tion for working on biomedical sciences. The Ti-based MXene Ti3;C,Tx absorption
[101] largely depends on the concentration of titanium. The inductively-coupled
plasma mass spectrometry (ICP-MS) is used for calculating and evaluating the toxi-
city content of MXene. It was reported in several studies related to embryo’s cell
membrane that Ti;C, Ty solution up to 100 wM concentration has negligible toxicity
but above 100 M, it will become fatal. There may be severe blocking of capillaries,
specifically in heart that may result in unexpected life risk.

The cytotoxicity depends on the types of cells to be treated. The cancer cells were
found to have adverse toxic effects than any other. When the small particles of size
less than 44 . m are made to interact with various forms of Tiz;C, T, like TiC, Ti, AlC,
and Ti3;AlC having high concentration greater than or equal to 400 pwg/mL, results
found to be more hazardous. Ti;C, T, forms are not much harmful to MSU ; cells
even with large concentration [102].

8.10 Conclusions

MXenes are emerging and developing as nanomedicines for the remediation of
cancerous cells, for bioimaging and biosensing as well as for the antibacterial activi-
ties. Mechanical properties of MXenes enable the manufacturing of wearable sensing
devices with high flexibility. The actuator, so obtained, for improving the mechan-
ical properties of MXenes, possesses a remarkably high stiffness, elevated tensile
strength and larger values of Young’s modulus. These features enhance the fast
and direct absorption of moisture into a body. The MXene concentration largely
affects the survival rate of biological cells. The larger the concentration, more is
the risk to the cancerous cells along with those of the normal cells. Below 25 mg/
L concentration of MXene, normal cells are found to have the survival rate greater
than 70%. TiC, Ti,AlC, and Ti3;AlC, with concentration greater that 400 pg/mL
and size less than 44 pwm, the cell membranes start destroying. Medical diagnosis
using bioimaging has become possible on account of MXenes quantum confinement,
photothermal effects and several contrasting agents (CAs). Due to the presence of
heavy metals, MXenes are utilized as contrasting agents (CA) for MR imaging.
MXenes are widely recognized to be applied as nanomedicines for various thera-
nostic treatments. Mxenes, as two dimensional V,C MXenzymes, find its applica-
tion in catalytic therapy for the treatment of neurogenerative diseases. Nb,C MXenes
also demonstrate enzyme-like properties for providing protection from radioactive
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contaminants. Non-covalent interactions using hydrogen bonds and Van der Waals
forces for the surface engineering are least stable, so some innovative and feasible
methods should be discovered in order to synthesize biocompatible MXenes. MXenes
are now extensively utilized not only in theranostic areas but in various multifunc-
tional therapies. Biosafety is also one of the factors to be considered while applying
for fabricating diverse functionalized MXenes. The cytotoxicity depends on the types
of cells to be treated. The cancer cells were found to have adverse toxic effects than
any other. When the small particles of size less than 44 pm are made to interact
with various forms of Ti;C, T, like TiC, Ti, AlC, and Ti3AlC having high concen-
tration greater than or equal to 400 pg/mL, results are found to be more hazardous.
Ti;C, T, forms are not much harmful to MSU ; cells even with large concentration.
For the treatment of cancer and tumors, MXenes surface chemistry has been utilized
in which a superparamagnetic two dimensional Ti;C, MXenes were fabricated. The
superparamagnetic crystals of Fe;O4 were subjected to the in-situ growth over the
surface of Ti3C, MXenes. This enhanced the magnetic resonance imaging of cell
analytes as well as promoted the photothermal destruction of the cancerous cells and
ablated the tumor tissues.
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Chapter 9 ®)
MXenes as a Promising Material e

for Electromagnetic Interference
Shielding

Wei Lu and Hongtao Guo

9.1 Introduction

With advances in knowledge and mechanization, the use of different electrical and
electronic devices in hospitals, the military, business, and scientific sectors, all of
which produce electromagnetic radiation, has grown enormously. These stray radia-
tions interfere with electronic equipment signals, leading to the production of EMI,
which is often hazardous to human health, as well as to precision equipment in
hospitals and aerospace [1]. With the increasing complexity of the electromagnetic
environment, electromagnetic radiation pollution has become an important environ-
mental pollutant, second only to air pollution, noise pollution, and water pollution,
and has become the fourth major public hazard. Therefore, high-performance EMI
shielding materials are urgently needed to reduce the harm of electromagnetic waves
(EMW) [2].

Electrical conductivity plays an important role in the shielding properties of EMI
shielding materials. Conventional metallic materials (e.g., silver, copper, iron, etc.)
are frequently employed for EMI shielding. However, their vulnerability to corro-
sion and high density constrains their broader application in compact electronic
devices [3]. As a prominent member of the 2D nanomaterial category, MXene
exhibits promising potential across various domains due to its excellent conductivity
and expansive surface area. In contrast to conventional 2D materials, MXenes have
evolved into a diverse material family, with numerous members successfully synthe-
sized to date [4-6]. One of the earliest discovered MXenes is the material featuring a
Ti3C, Ty structure. This particular material has gained widespread adoption due to its
mature synthetic process and exceptional electrical conductivity. Numerous studies
have underscored the unique potential of MXenes in the realm of EMI shielding.
Nevertheless, a further comprehensive understanding of MXenes as absorbents and
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EMI shielding materials for multifunctional applications is warranted [7-9]. There-
fore, exploring its absorbing and shielding mechanisms and its extended applications
is urgent.

9.2 EMI Shielding Mechanisms

EMI shielding materials serve to obstruct the transmission of EM waves produced
by radiation sources, safeguarding the shielded materials by enhancing the reflection
and absorption attenuation of electromagnetic (EM) waves. For internal compact
refractive index uniform EMI shielding materials, when the EM wave (P ) reaches the
material surface from the air, part of the energy is reflected back to the air in the form
of a reflected wave (Pr), and other parts penetrate the material to form transmitted
wave (Pr). The residual energy is attenuated or lost and eventually converted into
heat to be absorbed [10]. Generally, the EMI shielding capacity of a material is
usually measured by electromagnetic shielding efficiency (EMI SE), whose unit is
decibels (dB), is shown in Eq. (9.1):

E; Hp P;
EMISE (dB) =201g — =201g— =10 1g — 9.1
(dB) &, TR &p. 9.1)

The electric field (E), magnetic field (H), and power intensity (P) are denoted
in the equation, while T and I signify the transmitted and incident electromagnetic
(EM) waves. Typically, an EMI shielding effectiveness (SE) exceeding 20 dB is
deemed a fundamental criterion for commercial use, indicating a 99% reduction in
EM wave transmission [11]. According to Schelkunoff’s theory, the materials weaken
electromagnetic wave energy mainly through reflection, absorption, and multiple
reflection loss to realize electromagnetic shielding, as shown in Egs. (9.2-9.5):

SEr = SEg + SEx + SEy 9.2)
oy
SEg = 168.2 + 1010g<—> 9.3)
e
rir t
SE, = 201log € x 1 /“’02“ =20log e x 5 9.4)
SEy = 201og(1 - e*%) - 2010g(l - 10%) 9.5)

Within these equations, the EM waves’ angular frequency is denoted by w, while
o, stands for the relative electrical conductivity, f represents the frequency of the
EM waves, and ¢ signifies the thickness of the shielding layer. The relative magnetic
permeability (compared to free space’s magnetic permeability, 41 x 1077 H/m) is
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indicated by u,. Additionally, §, known as the skin depth, characterizes the depth
below the shield’s surface where the EM field strength diminishes to 1/e of its original
value, as outlined in Eq. (9.6):

1
§= — (9.6)

Vrf uo

SER, SEa, and SE); are the attenuation of EM waves caused by reflection, absorp-
tion, and multiple reflection loss, respectively. Reflection refers to the phenomenon
that an EM wave changes its propagation direction and returns to the original material
when propagating at the interface of two materials with different refractive indices.
The energy attenuation caused by reflection is related to the refractive index, elec-
trical conductivity, magnetic permeability, and frequency of EM wave. Materials
with high conductivity can achieve strong reflection loss. After absorbing electro-
magnetic radiation, materials will dissipate in the form of heat energy. Generally
speaking, thickness and electrical conductivity determine the ability of materials to
absorb EM waves, while dielectric constant and permeability are the main factors
affecting absorption loss [12].

To assess the overall effectiveness of EMI shielding, it is essential to mitigate the
impact stemming from density and thickness variations. This assessment involves
the specific shielding effectiveness (SSE), calculated as the ratio of EMI shielding
effectiveness to either density or thickness, and the surface-specific shielding effec-
tiveness (SSE/t or SSE/d), determined by dividing the EMI shielding effectiveness by
the material’s thickness or density. The equations corresponding to these evaluations
are presented as follows (Eqgs. 9.7-9.9):

SSE = SE/t (dB/mm, usually used for 2D film) 9.7)
SSE = SE/p (dB cm?/g, usually used for 3D aerogel/foam) (9.8)
SSE/t = SE/pt (dB cm?/g) 9.9)

The measurement of EMI shielding performance is based on the calculation of
the S-parameters (S, S21, S22, and S1,) ascertained by the vector network analyzer.
The scattering parameters (S1; and S;;) can be recorded to calculate the coefficients
of reflectance (R), absorbance (A), and transmittance (T) for the SEt as shown in
the following equations.

The regular layered structure, high free electron density, and abundant active
functional groups are the unique advantages of MXene materials compared with other
conductive nanomaterials. Firstly, the structured layered structure can better attenuate
the EM waves in the form of eddy current loss and ohmic loss. Second, the high
density of free electrons endows it with unparalleled electrical conductivity. Finally,
the rich active functional groups make MXene exhibit good dispersion in water
or organic solvents, which creates convenient conditions for subsequent processing
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[13]. The specific attenuation process of EM wave in MXene material is as follows
Egs. (9.10-9.15):

R=|Sul? (9.10)

T =157 (9.11)

A=1-R-T 9.12)

SEg = —10log(1 — R) (9.13)

SEx = —lOlog<L> 9.14)
1-R

SEr = 50 + 1010g<%> +1.7t/af 9.15)

Due to high electrical conductivity, a large number of free electrons exist on
the MXene surface. Therefore, when the EM waves reach the surface of MXene
material, some parts are reflected immediately, and the remaining EM waves interact
with the highly conductive lattice structure of MXene to generate current, leading to
ohmic loss and further dissipation. The residual parts enter the second layer of the
MXene material and repeat the attenuation process of the first layer. In addition, in
alternating electromagnetic fields, the rich active functional groups on the surface of
the MXene lamellae will interact with the Ti atoms, resulting in polarization loss. The
lamellar gap of MXene is large, and the EM wave passing through the first layer will
also be transmitted between the lamellae of MXene [14, 15]. The above attenuation
mechanism will be repeated. Finally, these EM waves are absorbed and dissipated,
and almost no EM waves pass through, ultimately exhibiting superior EMI shielding
performance.

9.3 Recent Progress on MXene-Based EMI Shielding
Composites

The excellent EMI shielding performance of MXene is mainly related to its high
conductivity and unique multilayer structure. Yin’s group reported excellent EMI
shielding performance of Ti,CTyx [16]. The Ti,CTx derived from fluoride salts
exhibits a wealth of surface functional groups and possesses high electrical conduc-
tivity, measuring approximately 0.3 S cm~!. With an average EMI shielding effec-
tiveness (SE) of approximately 61.1 dB, and a maximum SE reaching around 70
dB at a thickness of 0.8 mm, it surpasses the performance of many carbon-based
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and metal-based materials reported thus far. The unique 2D morphology and abun-
dance of functional groups on the surface of MXenes facilitate their facile hybridiza-
tion with other nanomaterials, enabling effective modifications. Attaining excep-
tional EMI shielding performance proves challenging with homogeneous materials
alone. Hence, the design of material structure and composition plays a critical role in
meeting the requirements for MXene-based materials in the EMI shielding domain
[17, 18]. Drawing from existing literature, this section presents various product forms
of materials known for their excellent EMI shielding capabilities, such as hydrogels,
films, aerogels, foams, sponges, and others. Additionally, a review of additional
functional applications is included within this section.

9.3.1 Pure MXene Material

Owing to its outstanding electrical conductivity, pure MXene materials often exhibit
excellent EMI shielding performance. In the work by Liu et al. [19], multilayer
Ti3C, Tk was produced through the etching of Ti3 AlIC, with 40% HF at room temper-
ature (RT) for 24 h. The resulting multilayer Ti3;C, Tx/wax composite, containing 60
wt% TizC, Ty, demonstrated exceptional EMI shielding performance of 39.1 dB at
a thickness of 2 mm. Meanwhile, Hu et al. [20] synthesized multilayer Ti3C, Ty by
etching TizAlC, with a 40% HF solution at 50 °C for only 0.5 h. Despite this brief
processing time, the resulting multilayer Ti;C, Tx exhibited impressive EMI shielding
capabilities. For instance, the Ti3;C, Tx/wax composite with 70 wt% Ti3; C, Ty achieved
an EMI shielding performance of 34 dB at 18 GHz. Previous research has primarily
focused on the EMI shielding performance of multilayer TizC,Tx. He et al. [21]
delved into the disparities between Ti3C,Tx nanosheets and multilayer Ti3C, Ty
in terms of EMI shielding performance. Varied etchants led to distinct outcomes
(Fig. 9.1a-b) and morphologies. Notably, the Ti3C,Tx nanosheet exhibited signif-
icantly superior EMI shielding performance compared to multilayer Ti3C, Ty due
to the establishment of local conductive networks (Fig. 9.1c—d). Furthermore, the
Ti;C, Tx-wax matrix with 80 wt% Ti3;C,Tx loading showcased an impressive EMI
shielding performance of 58.1 dB at a mere 1 mm thickness.

The exploration of EMI shielding characteristics through heat treatment is a topic
of extensive research. The team led by Yin et al. [22] delved into the EMI shielding
properties of multilayer Ti3C, Ty subjected to annealing at 800 °C (designated as
Ti3C,Tx-800) in an Ar environment. The cumulative EMI shielding effectiveness
of TizC,Tx-800/wax reached 32 dB. Subsequently, Ti3C,Tx-200 was created by
annealing Ti;C, Ty at 200 °C for 2 h in an Ar atmosphere with 5% H; [23]. When
compared to TizC, Tx/epoxy, Ti3C,T-200/epoxy exhibited improved EMI shielding
performance. In a separate study, Ji and colleagues [24] explored the EMI shielding
capabilities of multilayer Ti;C, Ty following annealing at various temperatures (800,
950, 1100, 1250, 1400, and 1550 °C for 1 h) under Ar conditions. Notably, the multi-
layer TizC, Ty treated at 1100 °C demonstrated the most remarkable EMI shielding
effectiveness, achieving an outstanding result of 76.1 dB.
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Fig. 9.1 Illustration a depicts the synthetic process of multilayer Ti3C,Tx, while b showcases
the production of Ti3C,Tx nanosheets. The control of the local conductive network and shielding
capabilities is demonstrated for ¢ multilayer Ti3CyTx and d Ti3C,Tx nanosheets. Reproduced with
permission from Ref. [21]. Copyright 2019, The Royal Society of Chemistry

9.3.2 MXene-Based Hydrogel

Hydrogels are a type of porous engineering material, composed of interconnected
hydrophilic building blocks surrounded by water. They possess both a porous struc-
ture and a water-enriched interior environment [25]. These characteristics make
hydrogels suitable for various applications, including tissue engineering, soft elec-
tronics, and electromagnetic interference (EMI) shielding. One advantage of hydro-
gels is their ability to easily disperse functional nanomaterials, which can form
conductive paths. This contributes to the high conductive loss of incident electro-
magnetic waves (EMWs) [26, 27]. Additionally, the presence of water in hydrogels
enables potent polarization loss, as water molecules undergo changes in hydrogen-
bond networks and polarization in the gigahertz (GHz) and terahertz (THz) frequency
bands.

To construct hydrogels with a stable 3D structure, a network of cross-linked
polymer chains is essential. Through dynamic ionic/hydrogen bonds or covalent



9 MXenes as a Promising Material for Electromagnetic Interference ... 189

crosslinking, the dispersed polymer chains in an aqueous solution assemble to form
hydrogels with excellent elasticity and flexibility [28].

To enable the integration of conductive fillers into a polymer matrix and produce
self-supporting and conductive hydrogels, cross-linked polymer networks play a
vital role despite the weak interactions between inorganic nanoparticles [29]. Various
methods, including physical crosslinking techniques like crystallization crosslinking
and coordination interactions, as well as chemical crosslinking, are employed in the
preparation of hydrogel-based EMI shields. Achieving high conductivity is crucial
for the development of high-performance EMI shields. However, the non-conductive
nature of polymer-based components in hydrogels, such as PVA, polyacrylamide
(PAAM or PAM), and cellulose, imposes limitations on their EMI shielding capa-
bility. Consequently, the incorporation of conductive nanomaterials into hydrogels
becomes imperative to enhance the effectiveness of hydrogel-based EMI shielding
materials.

Yu et al. [30] reported the development of MXene-based PVA/PAAM hydrogel
by polymerizing acrylamide (AAm) and connecting the polymers through hydrogen
bonds (Fig. 9.2). The addition of MXene resulted in increased conductivity of the
hydrogel, leading to an increase in EMI shielding effectiveness (SE) from 12 dB to
approximately 35 dB with 1.1 wt% MXene. However, a further increase in MXene
content to 2.2 wt% caused a decrease in SE to around 30 dB. This non-monotonic
change in SE was attributed to the competition between increased electron conduction
from MXene and decreased ion conduction. Moreover, higher MXene content led to
decreased cell wall thickness, which negatively affected the electrical conductivity
of networks and multiple reflections of incident EM waves, resulting in decreased
EMI SE. For practical applications, it is important for hydrogel-based EMI shields
to have low-temperature tolerance and anti-drying performance. To achieve long-
term stability, the researchers performed solvent displacement of the MXene-based
hydrogel using a binary solvent of glycerol (Gly) and water. This resulted in the
formation of MXene organic hydrogel. After freezing at —25 °C, the EMI SE of
the MXene organic hydrogel remained above 30 dB, whereas the SE of the MXene
hydrogel decreased to 14 dB. Furthermore, during a 7-day storage period at room
temperature, the SE of the MXene hydrogel declined from 30.8 to 1.54 dB, while
the SE of the MXene organic hydrogel only decreased to 25.3 dB. However, after 60
min of solvent displacement, the content of Gly in the organic hydrogels increased,
leading to a gradual decline in EMI SE below 20 dB due to the weak polarization
loss of Gly molecules in the GHz band.

The conductive polymer PEDOT: PSS demonstrates promising potential for EMI
shielding applications due to its intrinsic electrical conductivity [31, 32]. Within the
PEDOT: PSS molecules, PEDOT contributes to high electrical conductivity, while
PSS upholds the polymer’s structure and enhances solubility. However, diminishing
the quantity of PSS in the polymer boosts the crystallinity of PEDOT and improves
conductivity but compromises stability. To further boost the conductivity of PEDOT:
PSS, Wang et al. [33] employed an ionic liquid (IL) to modify the polymer and
produce conductive hydrogels. Through a dry-annealing process for film formation
and subsequent rehydration, they developed conductive polymer hydrogels devoid
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Fig. 9.2 SEM images of porous structures with varying displacing times are presented in (a) and
(b). The EMI shielding effectiveness of MXene-based hydrogels is evaluated in (c), while (d) illus-
trates the average shielding effectiveness of hydrogel and organic hydrogel pre- and post-freezing.
Additionally, the stability of hydrogels over time is depicted in (e) and (f), and (g) showcases the
EMI SE of MXene-based organic hydrogel under water-Gly displacement conditions. Reproduced
with permission from Ref. [30], Copyright 2022, Springer

of conductive inorganic additives. The altered PEDOT: PSS hydrogels, doped with
50 wt% ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIMTFSI)
and rehydrated in a Gly/water solution, showcased a conductivity of 30,600 S m !,
significantly surpassing that of standard PEDOT: PSS hydrogels. These modified
hydrogels achieved an EMI shielding effectiveness (SE) of 53 dB at a mere thickness
of 0.045 mm, with a normalized SE per thickness of 1,182.9 dB mm~! in the X-band.
Utilizing additive manufacturing techniques, the customization of hydrogel-based
EMI shields was successfully implemented.

In their study, Liu and colleagues [34] introduced Ti;C,-MXene-modified ink
based on PEDOT: PSS for 3D printing. Employing a freeze—thaw technique, they
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directly converted the printed structures into resilient and conductive hydrogels with
excellent shape fidelity. Through the dispersion of freeze-dried PEDOT: PSS in
MXene solution, they developed printable inks by adjusting the solid concentrations
of PEDOT: PSS and MXene for optimal printability. The printed structures underwent
freezing to establish a framework (depicted in Fig. 9.3a), followed by thawing in
an H;SOy solution. This step led to the dissolution of certain PSS components,
enhancing the crystallinity of PEDOT and yielding a flexible, stretchable, fatigue-
resistant, and high-fidelity Ti;C,-MXene modified PEDOT: PSS hydrogel (refer to
Fig. 9.3b). These hydrogels showcased notable conductivities ranging from 1525.8 to
5517.2 S m~!, contingent upon the water content. With their enhanced conductivity
and varied water content, the hydrogels derived from PEDOT: PSS exhibited an EMI
SE of 51.7 dB at a thickness measuring 0.295 mm (as shown in Fig. 9.3c—e).

In a study by Yang et al. [35], a novel hydrogel composed of “trashed” MXene
sediment (MS) and biomimetic pores was manufactured using a facile, scalable
unidirectional freezing followed by a salting-out approach. These MS-based hydro-
gels exhibited good EMI shielding performance due to the synergistic effects of
the MS-based conductive network, PVA chains, water, and porous structure. The
MXene-based hydrogels showed an EMI SE ranging from 31 to 91 dB at varying
thicknesses of 1.0 to 7.5 mm, respectively. They also achieved an SE of over 40
dB at a thickness of 2.0 mm in the ultra-broad band GHz band (8.2—40 GHz). The
addition of AgNWs further increased the shielding performance of these MS-based
hydrogels by enhancing multiple reflection losses caused by the biomimetic-aligned
porous structure. This allowed for the achievement of anisotropic EMI shielding
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Fig. 9.3 The freeze-thawing treatment mechanism is explored in (a), highlighting the exceptional
fidelity of the hydrogels in (b). Curves demonstrating EMI shielding effectiveness in the X-band are
depicted in (c¢), while both simulated and experimental shielding effectiveness of MXene/PEDOT:
PSS hydrogels are presented in (d) and (e). Reproduced with permission from Ref. [36], Copyright
2021, Wiley—-VCH GmbH
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performance for the hydrogel-based EMI shields, enabling the preparation of hydro-
gels with controllable EMI shielding performance based on their interior porous
structures.

9.3.3 MXene-Based Film

To cater to the requirements of intelligent wearable MA materials, it is crucial to
develop highly flexible 2D MXene-based films. Additionally, incorporating diverse
functionalities into these flexible MXene-based films can effectively address a wider
array of practical challenges [37]. There exist two primary approaches for crafting
flexible 2D films: (i) utilizing textile-oriented substrates and (ii) arranging nanostruc-
tured materials through vacuum filtration. During the production of MXene films,
the material tends to self-stack in layers, diminishing the active sites on its surface.
This phenomenon impacts its unique characteristics, such as reducing electromag-
netic wave attenuation, impeding ion conduction, and constraining the effective
incorporation of other functional substances.

9.3.3.1 Pure MXene Film

In a study by Koo and colleagues, a titanium carbide (TizC,Tx) film measuring 45
pm exhibited an EMI SE of 92 dB. Notably, a 2.5 pwm thick film demonstrated an
EMI SE exceeding 50 dB, marking it as the highest among materials of compa-
rable thicknesses developed to date [38]. The outstanding electrical conductivity of
Ti;C, Ty films, coupled with multiple internal reflections, contributed significantly
to this remarkable performance. Through a comprehensive investigation into the
EMI shielding properties of Ti3C,Tx MXene-assembled films, they scrutinized the
individual contributions of each layer toward the overall shielding effectiveness [39].
Theoretical analysis revealed the growing significance of multiple reflections, surface
reflection, and bulk absorption in the shielding mechanism below the skin depth. A
film composed of 24 layers, with a thickness of 55 nm, showcased an EMI SE of
20 dB, indicating an exceptionally high absolute shielding effectiveness of 3.89 x
106 dB cm? g~!. Furthermore, employing vacuum-assisted filtration, they fabricated
Ti3CNTy and Ti3C, Tx MXene free-standing films with varying thicknesses and eval-
uated their EMI shielding capabilities at different annealing temperatures [40]. Their
observations highlighted the superior EMI SE of the Ti;CNTy film compared to the
more conductive TizC,Tx or metal foils of equivalent thicknesses. This enhanced
shielding performance of TisCNTy was achieved through thermal annealing, leading
to significantly increased absorption of electromagnetic waves owing to its strati-
fied, metamaterial-esque structure. Han and collaborators conducted a systematic
exploration of the shielding properties of 16 distinct MXene films, all demonstrating
excellent EMI shielding performance surpassing 20 dB at micrometer-scale thick-
nesses [41]. Among these films, the Ti;C,Tx film exhibited the most impressive
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EMI shielding capabilities, with a film measuring approximately 40 nm in thickness
showcasing an EMI shielding performance of 21 dB.

9.3.3.2 Porous MXene-Based Film

Utilizing a porous framework provides a viable solution to the self-stacking challenge
encountered with MXene sheets. The anticipated superiority of MXene porous film
over alternative materials in shielding effectiveness highlights its potential. Moreover,
the lightweight nature of the porous film, emphasizing absorption over reflection,
presents more desirable attributes when compared to conventional shielding mate-
rials. This quality can mitigate secondary contamination resulting from reflected elec-
tromagnetic waves (EMW). With the ongoing rapid development of flexible device
hardware and portable electronics, there arises a need for ultrathin EMI shielding
films that deliver both exceptional flexibility and robust mechanical characteristics.

In a study by Xu et al. [42], a straightforward freeze-drying method was employed
to produce f-Ti, CTx/PVA foams and films featuring a porous structure. The schematic
in Fig. 9.4a delineates the fabrication process for f-Ti, CTx/PVA foams and films, with
f-Ti,CTy nanosheets obtained through etching the Ti;AIC MAX phase using LiF
and HCI. Subsequently, the f-Ti,CTy solution was combined with a PVA solution to
generate the precursor pure sol, as depicted in Fig. 9.4b. Notably, the f-Ti,CT/PVA
foam exhibited low-density characteristics, capable of remaining atop a dandelion
without dislodging, boasting a measured density of merely 10.9 mg cm~>. Addition-
ally, f-TioCTx/PVA-1 showcased an extraordinarily high porosity of 99.3%, posi-
tioning it as a standout ultralight aerogel material. The compression process of the
f-Ti,CTx/PVA composite to produce thin films is illustrated in Fig. 9.4c. The 2D
profile of the f-Ti,CTx/PVA foam (Fig. 9.4d) revealed an RL,;;, of —18.7 dB and a
thickness of 3.9 mm at 8.2 GHz. The average shielding efficiency of f-Ti,CT/PVA
foam~! was calculated at 26 dB, with SEt at 28 dB and SER at 2 dB, as shown in
Fig.9.4e. Uponreaching the surface of the prepared sample, EMWSs undergo a combi-
nation of reflection, transmission, and absorption processes. Figure 9.4f illustrates
the absorption-dominated EMI shielding properties of the MXene/PVA composites.
The contribution of absorption or reflection to the shielding properties significantly
relies on the specific characteristics of the manufactured product. For MXene/PVA
composites with film-like structures and a conductivity of 8.0 x 10* S m~', elec-
tromagnetic wave reflection serves as the primary shielding mechanism. In contrast,
foamed MXene/PVA composites demonstrate enhanced impedance matching due
to their structure, resulting in relatively reduced EM wave reflection. The porous
nature of the foam and the layered arrangement of the MXene flakes facilitate internal
reflection of the EMW upon entry into the foam, aiding in its dissipation. Dipoles and
interface polarization collaborate to maximize the dissipation of the multi-reflected
EM wave, leading to absorption-dominated EMI shielding performance.
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Fig. 9.4 The synthesis of f-TipCTx/PVA syntactic foams and films is depicted in (a). An ultralow-
density sheet of f-TipCTx/PVA foam delicately perched on a dandelion is showcased in (b). A
flexible f-Ti2CTx/PVA thin film is presented in (c). The 2D profile and reflection coefficient curves
are provided across different frequencies in (d). EMI shielding effectiveness tests, absorption, and
reflection of TioCTx/PVA hybrid materials are detailed in (e). The EMI shielding mechanism of
MXene/PVA composites with foam or film structure is illustrated schematically in (f). Reproduced
with permission [42]. Copyright 2019, American Chemical Society

9.3.3.3 Flexible MXene-Based Film

Given the swift progression in flexible hardware and the rising need for ultrathin
EMI shielding films that are both highly flexible and mechanically robust, there is
a growing demand in the market. To combat EMW pollution concerns, Zhang et al.
[43] have devised a sandwich structure film with electrical insulation properties
through a vacuum-assisted stepwise filtration method. This film integrates calcium
ion-cross-linked sodium alginate montmorillonite and Ti;C,Tx MXene. The innova-
tive design not only delivers exceptional EMI shielding effectiveness (50.01 dB), but
also serves as a fire retardant, ensuring optimal safeguarding of electronic devices
during potential fire incidents. In comparison to alternative Ti3;C, Ty layers, the inter-
layer film upholds remarkable EMI shielding capabilities, impressive mechanical
strength (84.4 MPa), and superior fire-resistant features. Notably, when evaluated
against hybrid films, the interlayer film exhibits a more pronounced EMI shielding
impact and performs admirably in extended thermal aging assessments at 80 °C.
Although TizC, Ty MXene-based materials for EMI shielding display promising
potential in mitigating the increasing threat of EM radiation, their utility is restricted
by their singular loss mechanism [26, 44]. Liang et al. [45] have tackled this constraint
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through the fabrication of brick-like NiCo/MX-CNT films by integrating TizC, Ty
MXenes and conductive CNTs. These films demonstrate elevated electrical conduc-
tivity, impressive EMA attenuation capability, and exhibit magnetic and elastic char-
acteristics. Achieving an EMI SE of 99.99999991% (90.7 dB), the brick-like NiCo/
MX-CNT films stand out as one of the most effective composite films. Even at a mere
thickness of 53 mm, the NiCo/MX-CNT composite film excels in both reflecting and
absorbing EMW, surpassing the EMI SE of pure CNT films (71 dB) and pure MXene
films (61 dB). By varying the film thickness within the range of 9 to 116 mm, the
composite film allows for the modulation of EMI shielding performance from 46
to 105 dB. Furthermore, the dense brick-like-layered structure of the film offers
exceptional flexibility, foldability, and stable mechanical properties, significantly
broadening its potential for practical applications in complex environments.

In response to the growing demand for portable and wearable electronic devices,
researchers are compelled to innovate high-performance, flexible EMI shielding
materials to combat the escalating issue of EMW pollution [46]. Building upon
this premise, these materials exhibit remarkable EMI shielding efficacy and excep-
tional mechanical pliability. Luo et al. [47] employed a convenient vacuum-assisted
filtration approach to develop a cross-linked MXene network within a natural rubber
(NR) matrix, resulting in the production of flexible and highly conductive Ti3C,Tx
MXenes NR nanocomposite films (Fig. 9.5a). The electrostatic repulsion arising
from the negative charges of MXene and NR latex facilitates the uniform dispersion
of MXene flakes at the NR particle interface, establishing an interconnected network
that enhances electron transport efficiency at lower MXene concentrations. With a
MXene content of 6.71 vol%, the nanocomposite achieves a conductivity of 1400 S
m~! and an EMI shielding effectiveness of —53.6 dB (Fig. 9.5b).

The NR matrix experiences a significant enhancement from the 3D MXene
network, leading to a remarkable increase in tensile strength and modulus by
700% and 150% respectively, compared to pure NR. Furthermore, the MXene/NR
nanocomposite films demonstrate consistent EMI shielding capabilities and tensile
properties during cyclic deformation, positioning them as crucial components for
the upcoming generation of flexible and foldable electronic devices. In order to
elucidate the EMI shielding mechanism, Fig. 9.5¢ provides a schematic representa-
tion of the potential EMW attenuation mechanism. Previous studies have established
that polymer nanocomposites possess extensive surfaces and interfaces with multiple
reflections, resulting in more intricate EMI shielding mechanisms compared to homo-
geneous conductive materials. Within MXene/NR nanocomposites, the porous cross-
linked network of MXenes facilitates the penetration of incident EMW through the
internal porous structure rather than through direct reflection. Through multiple scat-
tering and intra-interface polarization, the incident wave is effectively attenuated and
dissipated across the surface and interface of the porous structure, leading to a notably
improved EMA performance. The abundant end groups and numerous charge carriers
present on the MXene sheet are capable of interacting with the incident EMW, thereby
dissipating it as heat.

Transparent conductive films possessing exceptional EMI shielding capabilities
exhibit significant potential within the realm of optoelectronic devices. To fulfill
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Fig. 9.5 The synthesis schematic of the TizC, Tx/NR film is presented in (a). Investigating MXene/
rubber composites, the EMI SE under varying MXene loadings is examined in (b). A diagram
illustrating the potential of nanocomposite films in enhancing EMI shielding properties is depicted
in (c). Reproduced with permission [47]. Copyright 2019, Elsevier

the stringent requirements of being robust, stable, flexible, and adaptable to harsh
conditions, the development of such films remains a challenging endeavor. In their
research, Zhou et al. [48] introduced a flexible transparent conductive film comprising
a hybrid structure of 2D MXene nanosheets and 1D AgNWs, showcasing strong
interfacial adhesion and superior EMI shielding performance alongside an impres-
sive electro-photo-thermal response. The MXene/AgNWx-PVA film demonstrated a
minimal electrical resistance of 18.3 € sq~! and an optical transmittance of 52.3%,
resulting in an outstanding EMI shielding efficiency of 32 dB within the X-band at
a thickness of 10 wm. These distinctive characteristics of the multifunctional films
underscore their immense potential as high-performance transparent EMI shielding
materials tailored for cutting-edge optoelectronic devices operating in harsh envi-
ronments. In a separate study, Jin et al. [49] engineered transparent, conductive,
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and flexible MXene grid/silver nanowire hierarchical films, boasting both excep-
tional optical transmittance and remarkable EMI shielding effectiveness. The MXene
grid delivered an average EMI shielding performance of 21.7 dB, a rarity among
MXenes and other graphene-based transparent conductive films renowned for their
high optical transmittance. Through the incorporation of 1D AgNWs, the MXene
grid/AgNW hierarchical structures were meticulously designed and optimized to
showcase elevated optical transmittance, enhanced electrical conductivity, superior
EMI shielding efficiency, and heightened mechanical durability.

9.3.4 MXene-Based Aerogels, Foams, and Sponges

Due to its diverse surface functional groups such as —OH, —O, and —F, MXene demon-
strates exceptional surface activity alongside its notable attributes of maintaining
high electrical conductivity, a considerable specific surface area, lightweight nature,
and ease of processing. These characteristics enable MXene to seamlessly integrate
with a wide range of materials, showcasing great promise as a primary candidate for
porous and lightweight EMI shielding structures like aerogels, foams, and sponges
within the realm of electromagnetic interference protection [38].

9.34.1 MXene-Based Aerogel

Initially, diverse types of pure MXene-based aerogels have been synthesized by
researchers to assess their effectiveness in shielding against electromagnetic inter-
ference. Han et al. [50] applied a dual-directional freeze-casting method to produce
three kinds of porous MXene aerogels (Ti3C, Ty, Ti,CTx, and Ti3CNTx). The EMI
shielding performance of these aerogels achieved 70.5 dB, 69.2 dB, and 54.1 dB,
respectively, at a thickness of 1 mm. Particularly, the Ti,CTy aerogel, with a density
measuring 5.5 mg cm~3 and a 1 mm thickness, demonstrated an exceptionally high
shielding effectiveness per unit weight (SEE/t) of 8818.2 dB cm? g~ !, surpassing that
of alternative materials by several magnitudes. Bian et al. [51] pioneered the devel-
opment of an ultralight MXene aerogel through freeze-drying, attaining a minimal
density of 6.26 mg cm™> devoid of external reinforcement (Fig. 9.6a). Throughout
the freeze-drying process, ice crystals growth repelled the MXene flakes, confining
them at the interfaces to establish interconnected thin MXene nanosheets forming
continuous walls within the cavities (Fig. 9.6b). This aerogel showcased formidable
EMI shielding capabilities of approximately 60 dB and remarkably low EM wave
reflection (<1 dB) (Fig. 9.6¢), primarily due to the porous conductive network’s effi-
cient electromagnetic wave absorption. In a separate investigation, carbon nanotubes
(CNTs) were incorporated into the dual-directional freeze-dried Ti;C, Ty aerogel,
yielding hybrid aerogels with enhanced electrical conductivity (9.43 S cm™!), EMI
shielding effectiveness (103.9 dB) at a 3 mm thickness, and a more than ninefold surge
in compressive modulus compared to the pristine MXene aerogel. This enhancement
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stemmed from the synergistic interplay between MXene and CNTs, as well as the
stable lamellar porous structure they collectively constructed.

To enhance the dispersion and connection of MXene nanosheets, researchers have
incorporated various additives such as cellulose nanofibers (CNFs), graphene oxide
(GO), calcium alginate (CA), and sodium alginate (SA). These additives contain
oxygen-containing functional groups that form strong hydrogen bonds with MXene
nanosheets, constructing a robust 3D network. This network can withstand external
pressure without affecting the characteristics of the composite aerogel and sponge,
resulting in lightweight MXene shielding materials [52]. For example, a CNF/
Ti3C,Tx aerogel was fabricated using an ice-templated freeze-casting approach.
The integration of CNF “mortars” with Ti3C,Tx MXene “bricks” in a nacre-like
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Fig. 9.6 The scheme for fabricating the ultralight MXene aerogel is presented in (a). SEM images
capturing the MXene aerogel at various magnifications are displayed in (b). The EMI shielding
effectiveness of the MXene aerogel, including SET, SER, and SE,, is evaluated in (¢). Reprinted
with permission from Ref. [51]. Copyright 2019, The Royal Society of Chemistry. Co. KGaA,
Weinheim
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cell wall architecture led to high electrical conductivity and excellent EMI shielding
performance, facilitated by interfacial polarization.

9.34.2 MXene-Based Foam/Sponge

Yu’s team [53] initially explored the EMI shielding capabilities of pure MXene
foam. They employed an efficient and straightforward approach to produce stan-
dalone, pliable, and hydrophobic Ti;C, Ty MXene foam. In stark contrast to well-
known hydrophilic MXene materials, the Ti;C,Tx foams exhibited unexpectedly
hydrophobic surfaces, demonstrating exceptional water resistance and resilience.
As a result of the remarkably effective wave attenuation within the advantageous
porous structure, the lightweight Ti3 C, Ty foam displayed an improved EMI shielding
performance of 70 dB when compared to its unfoamed film counterpart (53 dB).

To achieve thinness, broad absorption bandwidth, and lightweight nature in EMA
materials, researchers have endeavored to overcome numerous obstacles [54, 55]. Li
et al. [56] integrated the wet chemical method, self-assembly technique, and sacri-
ficial template method to fabricate a distinctive reduced graphene oxide (RGO)/
Ti3C,Tx syntactic foam and manipulate EMA properties. Briefly, as depicted in
Fig. 9.7a, polymethyl methacrylate (PMMA) spheres and Ti;C,Ty flakes were
dispersed in water, blended, and centrifuged to form Ti3; C, Tx/PMMA spheres through
self-assembly facilitated by hydrogen bonding and van der Waals forces. GO/
Ti;C, Tx/PMMA spheres were synthesized using the same process. Scanning elec-
tron microscopy (SEM) images and corresponding schematic diagrams are presented
in Fig. 9.7al-a2, where the RGO nanoflakes serve as connectors for the stability of
the foam structure. Relative to all documented foam-based counterparts, the RGO/
Ti3C,Tx foam demonstrates superior EMA performance, with EAB covering nearly
the entire X-band. The EMA mechanism of RGO/Ti;C,Tx syntactic foam is illus-
trated in Fig. 9.7a3. Primarily leveraging the increased EMW scattering of the micro-
porous core—shell structure, the heightened polarization loss induced by abundant
heterointerfaces, and the conduction loss resulting from various imperfections, all
these factors collectively play a crucial role in enhancing EMA performance.

Not only is the structural design applicable to high-performance EMA materials,
but it also extends to high-performance EMI shielding materials. Ma et al. [57]
effectively engineered a lightweight, self-repairing, and adjustable EMI shielding
sponge using shielding capsules through a brief dip-coating process. In summary,
the melamine sponge’s uniform pores are enveloped by the formed MXene film,
establishing a connection between the porous framework and the shielding capsule
structure (see Fig. 9.7b—h). This distinct structural arrangement leads to significantly
improved interaction between EMW and the MXene film, resulting in the composite
sponge achieving an EMI shielding effect of 90.49 dB in the X-band. Additionally, the
introduction of a PU interlayer enhances the self-repairing capability of the hybrid
sponge. As a result, even after repetitive cutting and repair, the EMI SE value of
this hybrid sponge can still reach 72.89 dB, demonstrating the superior potential
application of the MXene/PU@MS composite sponge in wearable devices.
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Fig. 9.7 The preparation process of MXene-supported MS (1) and MXene/PU@MS (2) is outlined
in the schematic diagram in (a). An illustrative depiction of the dynamic fracture and self-healing
mechanism of MXene/PU@MS driven by interfacial hydrogen bonding is presented in (b). A
cross-sectional SEM image of MXene/PU@MS (16 mg mL~! MXene suspension) is displayed in
(c). Images showing the damaged and healed MXene/PU@MS samples, along with corresponding
SEM images, are provided for visual reference. Reprinted with permission from Ref. [57]. Copyright
2021, Elsevier

Interestingly, the sponge foam material can also integrate with terahertz (THz)
absorption technology, applicable in EMI shielding, radar stealth, and the upcoming
6G communication. Addressing the challenges of complex manufacturing processes
and the limited bandwidth of THz-absorbing materials, Shui et al. [58] proposed a
method to produce TizC,Tx MXene sponge foam (MSF) using a dip-coating tech-
nique, resulting in a lightweight, wideband, and hydrophobic THz absorber. The
preparation process of MSF is illustrated in Fig. 9.7j. The PU sponge, featuring
pores larger than 300 wm, was immersed in the Ti;C, Ty colloidal solution. Subse-
quent extrusion for 5 min led to rapid coverage of the sponge skeleton by Ti;C,Ty.
Upon drying, the TisC, Ty flakes permeated the entire sponge, as depicted in Fig. 9.7k,
showcasing three distinct filling states: filling, adhering to the framework, and
forming a thin film on the pores. Notably, the THz absorption properties varied
across these states. Furthermore, the lightweight and flexibility of MSF are evident
in Fig. 9.71, m. Thus, the innovative approach of combining large-aperture porous
structures with 2D nanosheets lays the foundation for meeting the requirements of
high-performance multifunctional terahertz absorbers. Wang et al. [59] synthesized a
porous 3D Ti3C, Tx MXene/C hybrid foam (MCF) through a sol-gel process followed
by a thermal reaction. The MCF/epoxy composite, achieved via vacuum-assisted
impregnation and subsequent curing, exhibited an EMI SE of 46 dB and electrical
conductivity of 184 S m~' with 4.25 wt% MCF, surpassing that of MCF-0/epoxy
nanocomposites (lacking Ti3C,Tx MXene). Additionally, a novel ultralight carbon
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foam modified by TizC,Tx nanosheets (CF/Ti;C,Ty), featuring a three-dimensional
network structure, was prepared through vacuum impregnation and freeze-drying
[60]. The CF/Ti3C, Ty foam, with an ultralow density of only 5-7 mg cm™3, exhib-
ited exceptional flexibility and stable compression-resilience properties. Moreover,
the foam demonstrated superior EM absorption compared to most foam-based EM
absorbers, achieving a minimum RL of —45 dB at 8.8 GHz.

The addition of alternative conductive additives, like graphene and silver
nanowires, can boost the electrical conductivity and EMI shielding capabilities of the
composite foam. Through freeze-drying and heat treatment for reduction, a hybrid
foam of lightweight TizC,Tx MXene/graphene (Ti3C,Tx—GO) was produced [61].
Leveraging enhanced electrical conductivity within the foam and effective wave
attenuation in interconnected porous structures, the TizC, Tx—GO hybrid foam exhib-
ited remarkable EMI shielding performance, reaching 50.7 dB and a specific EMI
shielding effectiveness of 6217 dB cm?® g~!, surpassing that of many existing EMI
shielding materials. The fabrication of Silver nanowires (AgNWs)/Ti3;C, Ty foam
involved integrating AgNWs as the framework and Ti;C, Ty as the surficial adorn-
ment for the foam structure [62]. Notably, the AgNWs/Ti3;C,Tx foam demonstrated
an EMI shielding effectiveness of 41.3 dB at a thickness of 1.2 pum in the X-band.
The inherent free space generated during foaming facilitated effective EM wave
scattering within the skin depth.

9.4 Multifunctional MXene-Based EMI Shielding Materials

The rapid development of 5G electronic communication technology has created a
pressing need for the advancement and utilization of portable and wearable electronic
devices [63, 64]. Key requirements for these devices include flexibility, lightweight
design, and safety. In order to construct effective electromagnetic devices, it is
crucial to enhance their electromagnetic performance and anti-interference capabil-
ities [65]. Among various options, flexible textiles have emerged as the ideal choice
for portable wearable electronic devices. The utilization of advanced manufacturing
techniques can maximize the potential applications of flexible textiles, particularly
in the fields of EMI shielding, energy storage, human thermal management, and
human health monitoring [66, 67]. To address these needs, Liu et al. [68] employed a
vacuum-assisted layer-by-layer assembly strategy to develop multifunctional flexible
conductive textiles with exceptional EMI shielding, high susceptibility to humidity
response, and super-hydrophobicity. The structure of these textiles consisted of leaf-
like nanostructures composed of silver nanowires (AgNWs) and MXene nanoflakes,
which provided highly conductive frameworks. The presence of MXene prevented
the oxidation of AgNWs and enhanced the binding strength between AgNWs and the
fabric matrix, resulting in the self-derived hydrophobicity of the flexible textiles. The
conductivity of the original silk was significantly increased by the highly conduc-
tive MXene, reducing the interfacial resistance. Comparing the EMI shielding prop-
erties of silk textiles with both MXene and AgNWs to those with only MXene or
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AgNWs, it becomes evident that both components are essential for achieving optimal
shielding properties. The textiles demonstrated an EMI shielding effectiveness of 90
dB at 12.4 GHz with a thickness of 480 pm. Moreover, the integration of MXene
also endowed the materials with humidity response and self-derived hydrophobicity,
ensuring stable application in portable wearable electronic devices. In another study,
Zhai et al. [69] used a combination of spraying technology and electrospinning to
prepare a multifunctional material called TPU/PDA/AgNP/MXene (TAMF). This
material exhibited multiple capabilities, including electric heating, EMI shielding,
and biodetection. The optimized TAMF material demonstrated ultrahigh conduc-
tivity, remarkable EMI shielding effectiveness of 108.8 dB, excellent Joule heating
capability (reaching 80 °C at 1 V), and highly sensitive resistive response (with an
ultralow detection limit of 0.1%, ultrahigh gauge factor of 7853, and large detec-
tion range of 200%) (Fig. 9.8a—d). The TAMF material holds great promise in the
fields of portable wearables and high-performance electromagnetic wave protection,
particularly in applications such as protecting pregnant women. Overall, the devel-
opment of these innovative materials, such as flexible conductive textiles and TAMF,
showcases their potential for advancing portable wearable electronic devices and
providing effective EMW protection (Fig. 9.8e—k).

Fig. 9.8 The distribution of temperature under various voltages is examined in (a). The saturation
temperature of U2 at different voltage levels is analyzed in (b). Tracking the temperature response
at 0.4 V across ten heating cycles is outlined in (¢). Digital and infrared camera images capturing
electric heaters at voltages ranging from O to 1.8 V are presented in (d). The temperature of TAMF
heater on the skin at 0, 0.6, and 0.8 V, along with its application in micro- and large human motion,
is discussed in (e). Various movements including fingers flexed, wrist flexed, and elbow flexed are
illustrated in (f-h). The concept of fetal electromagnetic protection is introduced in (i), supported
by a schematic diagram of fetal movement in (j) and simulated fetal movement using a balloon in
(k). Reprinted with permission from Ref. [69]. Copyright 2021, The Royal Society of Chemistry
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The utilization of MXene conductive hydrogels is becoming increasingly preva-
lent in the realm of flexible smart sensor devices, attributed to their structured align-
ment and anisotropic properties, rendering them suitable for medical monitoring
and compatibility with human-machine interfaces [70]. In their work, Feng and
colleagues [71] innovatively crafted an anisotropic MXene conductive hydrogel
through a directional freezing technique, addressing the shortcomings of lacking
orientation and limited temperature sensitivity observed in conventional homo-
geneous conductive hydrogels and flexible sensors. By amalgamating MXene
nanosheets with a biocompatible polymer and ZnSO, precursor, they synthesized a
well-organized and adaptable intelligent hydrogel material termed PMZn. To broaden
the scope of applications and enhance sensing capabilities, the PMZn material under-
went a solvent replacement process, yielding PMZn-GL hydrogels (Fig. 9.9a—f).
These PMZn-GL conductive hydrogels showcased versatility and were employed as
pliable, wearable sensors for monitoring various human movements including hand
gestures and facial expressions. Integration with a mobile phone revealed distinct
images corresponding to different movements, indicating successful signal conver-
sion (Fig. 9.9g-h). By integrating multiple flexible sensors into an array, stress vari-
ations and spatial distribution could be effectively monitored. The emergence of
MXene-based smart hydrogels driven by muscle activity opens up exciting possi-
bilities for exploring biofunctional hydrogels in the domain of flexible electronic
devices.

Conventional sensors relying on physical contact suffer from issues such as gener-
ating noise, experiencing wear, compromising the reliability of triboelectric nano-
generators (TENGs), and escalating costs [72, 73]. In response to these challenges,
non-contact TENGs have emerged as a viable alternative. Sohel Rana and collab-
orators [72, 74] introduced a non-contact dual-layer TENG (CDL-TENG) and an
extremely flexible self-sustaining sensor incorporating MXene/Ecoflex and cobalt
nanoporous carbon (Co-NPC)/Ecoflex nanocomposites. Each element fulfilled a
unique function, collectively influencing the humidity and acceleration sensitivity
of CDL-TENG through the regulation of output voltage, current density, and charge
density. Within CDL-TENG, the MXene/Ecoflex composite assumed the role of the
dielectric layer for charge capture, while the porous structure of Co-NPC offered
a substantial surface area for charge retention. This novel configuration tackled the
challenge of inadequate charge trapping in single-layer non-contact TENGs, resulting
in enhanced output performance. Analysis of surface potential revealed an eightfold
increase in CDL-TENG’s surface potential, with the fabricated device exhibiting
more than four times the output power of TENGs based solely on Ecoflex. Moreover,
effective non-contact monitoring within a 20 cm radius was demonstrated. Appli-
cation of CDL-TENG in vehicles and robots facilitated real-time obstacle detec-
tion and alarm activation. Additionally, CDL-TENG found utility in non-contact
door locking systems. In conclusion, this material exhibits significant potential
across various domains including manufacturing, self-powered sensors, wearable
technology, artificial intelligence, and beyond.
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Fig. 9.9 The conductive hydrogel and the electrochemical workstation are integrated to form the
sensing device in (a). Variations in resistance of the flexible sensor are linked to different bending
angles (0, 30, 45, 60, 90) as detailed in (b). Actions involving bending the wrist downwards and
upwards are observed in (c¢), while movements like opening and closing of the mouth are recorded
in (d). Communication phrases “A” and “How are you” are repeated thrice by the individual in
(e). Performing rapid finger bends approximately 30 times and repeating this process nine times
within a cryostat setting is outlined in (f). Human activities are monitored using wearable flexible
sensors, with data transmitted wirelessly to mobile devices in (g). Diverse finger-bending actions
are captured and wirelessly relayed to mobile phones for display in (h). Reprinted with permission
from Ref. [71]. Copyright 2021, Wiley—VCH

9.5 Conclusion and Outlook

Due to their inherent characteristics, such as exceptional metallic conductivity,
2D sheet structure, lightweight nature, adjustable surface chemistry, and effortless
solution processability, MXenes display considerable promise for EMI shielding
purposes. Among the various synthesized MXenes, TizC,Tx MXene films ranging
in thickness from nanometers to submicron demonstrate superior shielding effective-
ness owing to their remarkably high intrinsic electrical conductivities. Furthermore,
by incorporating extrinsic alterations such as meta-structure formation, Ti3CNTx
MXene films exhibit cutting-edge shielding performance, surpassing the efficacy of
highly conductive Ti;C,Tx MXene and metal foils of similar thickness. Moreover,
the advancement of tailored chemical composition magnetic MXenes can broaden
the scope of MXene applications. The introduction of magnetic MXenes introduces
an additional magnetic loss mechanism, thereby enhancing EMW absorption. The
exceptional potential of 2D MXenes for EMI shielding underscores the need for
the scientific community to overcome these challenges to facilitate their practical
implementation in this field.
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The current hydrogel-based EMI shields do not take into account the potential
benefits of controllable micrometer-sized pore morphology, such as aligned chan-
nels and anisotropic pore structure, which have been demonstrated to effectively
enhance EMI shielding performance in porous materials. Moreover, the utilization
of hydrogels for multifunctional purposes beyond EMI shielding remains limited,
failing to fully exploit their superior mechanical properties and biocompatibility.
Therefore, it is essential to prioritize the exploration and comprehension of the
interrelationships among controllable internal porous structures, compositions, and
EMI shielding efficacy in hydrogel-based EMI shields. By integrating control-
lable pore structures into hydrogel-based shielding materials, it is anticipated that
they will exhibit greater potential as high-performance EMI shielding materials.
Concurrently, emphasis should be placed on exploring additional functionalities
such as photothermal therapy, antimicrobial coatings, and adhesion to broaden the
application scope of hydrogel-based EMI shields.

In the future, porous aerogels and sponges with distinctive microstructures and
excellent intrinsic properties for scattering and capturing electromagnetic waves are
poised to become key contenders in the realm of EMI shielding. Typically, the molded
MXene aerogel and sponge frameworks are predominantly infused with polymers
(e.g., epoxy, PDMS) to create nanocomposites, offering three distinct advantages:
the incorporation of a non-conductive polymer can (i) enhance the impedance match,
facilitating greater EM wave penetration into the shield and augmenting absorption
loss; (ii) bolster the durability and mechanical robustness of the material during
practical usage; (iii) reduce the quantity of MXene fillers utilized.

For researchers, it is essential to enhance their comprehension of the fundamental
physical and chemical characteristics of MXene and employ various physical or
chemical approaches to leverage these attributes effectively. Particularly, investiga-
tions into the impact of surface modifications on MXene’s electrical conductivity
and electromagnetic properties are crucial, alongside the development of diverse
composite strategies to enhance both effective absorption bandwidth and electro-
magnetic wave performance. Notably, while MXene’s electromagnetic parameters
are typically assessed using vector network analyzers in laboratory settings, bridging
the gap between fundamental research and practical implementation remains a signif-
icant challenge. Addressing the scalability of the manufacturing process and eval-
uating potential fluctuations in electromagnetic performance post-mass production
necessitate further meticulous scrutiny. Specifically, in the electromagnetic atten-
vation (EMA) domain, MXene-based products must exhibit exceptional dielec-
tric loss characteristics and impedance-matching capabilities. Introducing varied
dimensions and structural materials holds promise for enhancing microwave atten-
uation in MXene-based products. Typically, MXene films are the primary form in
which MXene-based materials are crafted for evaluating electromagnetic interfer-
ence (EMI) shielding effectiveness, with EMI performance intricately linked to elec-
tromagnetic absorption (EMA) capabilities. Nevertheless, the heightened electrical
conductivity of MXene materials may lead to increased surface reflection of incident
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electromagnetic waves, thereby diminishing the absorption rate. Consequently, mate-
rials featuring high conductivity derived from MXene are better suited for shielding
applications rather than absorption purposes.
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Chapter 10 ®)
Role of MXenes in Biotechnology oo

Davinder Singh, Manpreet Singh, and Zaved Ahmed Khan

10.1 Introduction

MXenes have recently developed as a two-dimensional inorganic material and earned
considerable interest due to their excellent electrical, mechanical, and optical prop-
erties and modifiable chemical structure [1, 2]. MXenes are basically represented
by M4 X, Tx, where M consists of thin layers of early transition metals, X is either
carbon or nitrogen and Ty is a functional group (T), such as O, OH, F, and/or Cl and
n = 1-3[3, 4]. The diverse composition and structure of MXenes have resulted in the
generation of a fast-growing family of 2D materials [5]. The novel MXenes and their
unique properties open the door for their applications in biotechnology and biomed-
ical sciences [6—9]. The advances in structural properties of MXenes, such as its 2D
layered structure, hydrophilic nature, and surface functionalization, have opened its
promising application in biomedical applications [10-13]. MXenes are discovered to
be good candidates for uses in tissue engineering, photothermal therapy, antibacterial,
anticancer and drug delivery, and other antimicrobial applications [7, 8, 14—16].
The use of 2D materials offers greater potential to create new technologies in the
area of food packaging [9]. Since the layered structures are present in 2D materials,
so their thickness is often only up to a few atomic distances. Their lateral diameters,
however, can exceed 100 nm or few micrometers. Due to their intriguing phys-
iochemical properties, 2D materials have recently attracted increasing attention in
active and intelligent packing technologies [17]. The existence of heavy metals and
organic pollutants in the water is a worldwide problem of grave concern. Numerous
physical and chemical methods, such as adsorption, have been used in the past to
eliminate these hazardous pollutants from the water [18—20]. The use of conventional
adsorbents for practical applications was constrained by poor removal efficiency and
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amelioration [21]. In recent years, the exploding growth of nanomaterials, including
MXenes and their composites, has demonstrated their large potential application in
wastewater treatment due to their environment friendly approach and exceptional
biocompatibility [22-24]. The present chapter is focused on the important biotech-
nological applications of the synthesized MXenes, and MXenes-based composites,
such as therapeutics, food packaging, plant tissue culture, bioremediation, wastew-
ater treatment, and antimicrobial applications. The current challenges and future
prospects of MXenes are discussed in the conclusions section.

10.2 Therapeutics

Till date, the use of MXenes has been reported in drug administration, antimi-
crobial applications, tissue engineering, sensor probe development, photothermal
therapy, and in many other physiological conditions. The use of MXenes is preferred
in biomedical applications to hydrophobic nanoparticles as MXenes possessed a
hydrophilic nature because of surface functionalization, while other materials require
complex surface modifications.

In a few reports, it has been revealed that MXene-metal oxide composites have
a high drug-loading capacity [25, 26]. Due to their effective treatment of malig-
nant cells, cobalt-based nanomaterials have recently gained popularity. Doxoru-
bicin (DOX) is widely used as a strong chemotherapeutic agent for drug admin-
istration purposes. Ti3C,Tx-CoNWs nanocarrier heterojunctions have been linked
to an intriguing dual-responsive DOX release [25]. A dual responsive (pH/NIR)
drug delivery system composed of layer-by-layer deposited hollow hydroxyapatite,
chitosan/hyaluronic acid, AuNRs, and MXene was also synthesized by Wu and his co-
workers for drug delivery applications [26]. Using this method, the initial burst release
of the drug was controlled, while the AuNRs and MXene on the surface of the synthe-
sized hybrid composite increased its photothermal conversion efficiency. This hybrid
material reported excellent biocompatibility for the controlled delivery of the drug.
Yang et al. [11] also used a similar method to produce a MXenes-based hydrogel for
controlled drug release. This system possessed exceptional photo and magnetically
sensitive characteristics and was found to be effective in treating chronic wounds.
This is typically made up of poly (N-isopropyl acrylamide)-alginate hydrogel and
MXene-wrapped magnetic colloids to accomplish regulated drug administration with
limited hazardous side effects.

The traditional cancer treatment methods have certain drawbacks, including
higher doses, hazardous side effects, limited availability of the drug, random
targeting, and multidrug resistance [27, 28]. This has prompted intensive research for
innovative nanosystems and drug formulations for effective cancer treatment with
limited side effects [29, 30]. TizC,Tx-type MXenes have been intensively investi-
gated for anticancer purposes [10], while Ti,C [31], Mo,C [32], Ta;C3 [33], Nb,C
[34], TiCN [35], and V,C [36] have also been described as antineoplastic agents.
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The exceptional photothermal properties of MXenes have shown promise for anti-
cancer therapy [10, 37]. In addition, local hyperthermia can be induced by NIR
irradiation, and localized tumor elimination could be accomplished by the syner-
getic effect of chemo- and photo-thermal therapy. Sonodynamic therapy is another
alternative method for localized tumor elimination. An in situ production of tumor-
microenvironment-specific nanosonosensitizers on a Ti3C,; Tx/CuO, @BSA catalyst
was reported for sonodynamic tumor therapy [12]. The efficacy of this method was
enhanced due to the production of TiO, nanosensitizer due to the oxidation of Ti3;C,
by CuO, nanoparticles. Overall, the results demonstrated the role of 2D MXenes in
developing nano-sensitizers for antitumor applications. It is important to investigate
iron metabolism for anticancer therapy as iron is reported to be involved in cell prolif-
eration and tumor growth. In this context, Xu et al. [13] fabricated a novel construct
Ti3;C,-PVP@DOXjade for antitumor applications by the inhibition of iron depletion-
triggered iron transferrin receptor. They loaded the DOXjade to ultrathin MXene
nanosheets, which induced an apoptotic cell death with a photothermal efficiency by
40%. Li et al. [38] demonstrated the use of nitride MXene nanocarrier (Ti,N) for
cancer therapy. This type of nanocarrier showed excellent biocompatibility because
of the presence of coating of organosilica shell (Ti,N @o0Si). This nanocarrier showed
high drug-loading capacity of approx. 800% and with photothermal conversion effi-
cacy of 42% (approx.), nitride MXenes can also serve as an important nanocarrier
for biomedical applications.

10.3 Food Packaging

Food packaging is essential for preserving freshness and food safety by preventing
the growth of numerous food-borne pathogens. The primary roles of food pack-
aging are preservation, containment, antimicrobial protection, and communication
[39]. The ever-increasing expectations of consumers drive the packaging industry’s
unceasing desire for high-tech, multifunctional packaging materials. The principal
objectives of packaging rely heavily on functional materials that serve as either
preservatives or indicators, or both. In the packaging industry, the combination of
either micro or nanofillers with the polymeric matrix is considered an essential and
widespread choice for the creation of these functional materials. Numerous 2D mate-
rials, including graphene and MXene as fillers, have attracted a lot of attention owing
to their enormous surface areas, physical, mechanical properties, and antibacterial
activities, which are crucial and essential in the packaging industry, as shown in
Fig. 10.1 [6].

MXenes are considered ideal materials for food packaging due to their barrier
property offered by their multi-layered structure, large surface areas, and aspect ratios
[6]. Due to the presence of different surface terminating groups, the formation of
open narrow nanochannels between adjacent nanolayers has been reported in stacked
MXenes laminates, indicating a distinct gas transport mechanism [40]. Therefore
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Fig. 10.1 The platform of MXenes for packaging materials of preservation, containment, commu-
nication, and antimicrobial (the out ring displays the nanostructures of MXenes-based nanomate-
rials). Reproduced with permission [6], copyright 2022 Wiley

the rate of diffusion of each molecule can be screened architecturally using these
interlayer nanochannels between adjacent nanosheets [41, 42].

The use of MXenes in polymer films can be significant new materials for molec-
ular sieving due to their efficient penetration and selectivity [43, 44], indicating a
huge prospective in gas barrier applications [42, 45]. Owing to the unique charac-
teristic features of MXenes, it has been proposed that the incorporation of MXenes
nanofillers into polymer matrices could result in the formation of additional gas trans-
port channels [6]. Thus, MXenes have been reported to be highly promising food
packaging materials with respect to gas permeability and selectivity. The selection
of gases for MXenes-based materials depends on three primary factors, such as the
size of the gas molecule, the number of channels, and the stacking structures of pure
MXenes [46].

Ding et al. [42] fabricated highly ordered lamellar stacked MXenes films with
aligned and regular subnanometer channel structures. The experimental results of
molecular dynamics simulations suggest that gas molecules (such as He and H,)
diffuse rapidly through the MXenes nanofilm due to their smaller sizes than the free
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gap between the surrounding nanolayers. However, gas molecules (such as O, N»,
and CH,) diffuse 100 times more slowly than the free spacing due to their greater
sizes. The diffusion of CO; is different from the other gas molecules due to the unique
adsorptive characteristic and the interaction between MXene and CO,;. The authors
also reported that the subnanometer interlayer gap between neighboring MXenes
nanosheets provides molecular sieving channels for the separation of various sized
gases. It has been reported that activated diffusion and Knudsen diffusion are the
predominant mechanisms for gas diffusion in the nano-gallery [47]. Shen et al. [45]
reported the fabrication of 20 nm thick nanofilms from atomically thin MXenes
for gas separation. These MXenes decorated with borate and polyethyleneimine
molecules resulted in the modification of nanosheet stacking characteristics and
interlayer spacing. The nanofilms of MXenes exhibited channels, which led to the
formation of major H, or CO; selective transport channels with superior performance.
It has been reported that the solubility and diffusivity of pure MXenes nanofilms vary
with the molecular size of different gases. Thus, the MXenes membrane possessed
a molecular filtering action similar to the diffusion-controlled membrane. When
MXenes were cross-linked by borate and polyethyleneimine, the transport chan-
nels were compressed to reduce the H, diffusivity [45]. The functionalized MXenes
using sulfanilic acid and boric acid (BA) as the crosslinking agent, Woo et al. [48]
synthesized an MXenes/polyvinyl alcohol (PVA) nanocomposite. This composite
film possessed a significant decrease in gas permeability by 69%, increased tensile
strength (67%), and modulus (49%) with low loadings of MXenes and BA (both
0.5 wt%) as compared to pure PVA. Thus, MXene composite indicated a potential
barrier film for food packaging applications [48].

A rejection rate of greater than 90% has been reported by MXenes nanosheets
for molecules with particle sizes of approximately 2.5 nm or more [49]. Due to the
charged MXenes nanosheets, water molecules can bind to the surface of the film and
diffuse through several channels. The shape and chemical characteristics of MXene
films have been reported to be modified with various agents, such as borate, poly-
electrolytes, and polyethyleneimine in order to charge its surface characteristics [50,
51]. In addition to the diameter of the channel, the diffusion of water molecules
can be controlled by electrostatic attraction and the surface structure of the pack-
aging composite films. Wang et al. [52] revealed a double-layered Ti;C,Tx as a stiff
building block in a lamellar membrane, with 2 nm interlayer ordered channels that
are regular and straight. The membrane exhibited good water to organics permeation
and structural stability. Liu et al. [51] employed positively charged polyelectrolytes
to generate electrostatic attraction with negatively charged Ti,CTy nanosheets. The
ionization groups increased the water affinity of the MXenes membrane, allowing the
formation of ordered laminar Ti, CTx nanosheets. This modified MXenes membrane
has the capacity to transport water rapidly and selectively. However, the presence
of various salt solutions (NaCl, MgCly, Na,SOy4, and MgSOy) in water altered the
rate of water transport due to the combined result of electrostatic repulsion and size
sieving [50]. MXene films are also reported to possess high deformability and elec-
trical conductivity [53]. They also possessed a maximum bending angle of 155°
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under conditions of 65% relative humidity difference. It provides a potential alter-
native for packaging films with variable moisture inside packing, particularly for
fruits and vegetables. MXene-based composites also possessed excellent moisture
barrier properties, but they have been reported to be affected by various intrinsic
and extrinsic factors such as humidity, temperature, respiration rate, and various
other structural properties also played a vital role [6]. In addition, the differential
pressure between the interior and exterior of the packaging also played a crucial
role in determining the water barrier qualities. Like MXenes-based composites, the
out-of-order packing characteristics of naturally stacked MXenes nanosheets can
result in a low water permeation rate [54, 55]. Carey et al. [56] suggested that a low
amount of MXenes added to polyamide polymers of TizC, Tx and nylon-6 can reduce
water vapor permeability. Wang and co-workers [57] used hydrophilic MXenes as
adhering fillers for polyester textile substrates, which allowed a high level of adhe-
sion. However, it also facilitated the oxidation and decomposition of MXenes. A
silicone coating can turn the MXenes-coated textile to a hydrophobic surface with a
water contact angle of around 126°. This modification method gives a strategy for
achieving air-permeable, water-resistant polyester properties [57]. The barrier prop-
erty of MXenes nanosheets can be changed by positively charged polyelectrolytes.
Thus, barrier characteristics of MXenes-based composites can therefore be regu-
lated by both polymers and MXenes sheets. The barrier properties of MXenes-based
composite films not only extend the shelf life of the packed items but also determine
their freshness and aroma.

10.4 Wastewater Treatment

The release of numerous organic pollutants into the environment is gaining more
and more public attention because of the rapid growth of different industrial sectors
[58]. Heavy metal ions in drinking water are difficult to decompose or metabolize
once they enter the body. Consequently, they tend to accumulate until they surpass
the permissible limit and pose a serious threat to human health [59]. Due to the
presence of functional OH and O groups, large specific surface area, and variable
surface chemistry, MXene