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CHAPTER 1
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1.1 Introduction
Excessive population growth coupled with rampant, irrational, and exploit-
ative industrial practices has strained the environment. This generation
demands inherently safe and eco-friendly engineering practices. The in-
crease in global computing power has accelerated the search for exquisite
high-tech materials to build a sustainable future. In due course, two-
dimensional (2D) nanomaterials have gained momentum in the research
world due to their exotic properties and various energy and environmentally
oriented applications.
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2D nanomaterials are those materials that have at least one dimension on
a 1–100 nanometre scale. This advanced class of materials can have lateral
sizes going up to a micrometre, or larger, scale.1 These are characterized by
single- or few-layered structures with strong intralayer covalent bond inter-
actions and weak van der Waals (vdW) forces between adjacent layers.

Compared to three-dimensional (3D) materials and their bulk counter-
parts, 2D nanomaterials exhibit several unique characteristics. First, con-
finement of electrons within two dimensions, especially in a single-layer
nanosheet, results in compelling electronic properties that are absent in
other nanomaterials, making them promising for various applications.2

Furthermore, these properties are tuneable through modification of the
synthetic methodologies, making them versatile. Second, their atomic
thickness, along with covalent bonding, provides maximum mechanical
flexibility and optical transparency bonding.3

Furthermore, the large lateral size and atomic thickness of ultrathin 2D
materials results in very high specific surface areas and increased ratios of
exposed surface atoms, making them supremely suitable for energy storage
and engineering applications, such as for catalysis, supercapacitors, spin-
tronics, valleytronics, etc. Their specific surface area also makes them
promising as building blocks for functional composites, acting as templates
for synthesizing other nanostructures, or as reinforced fillers to strengthen
composite materials.4

Interest in 2D nanomaterials has surged since Novoselov, Geim, and
their team isolated graphene from graphite in 2004.5 Graphene, a single-
atom-thick carbon film, boasts remarkable properties, such as high carrier
mobility, large surface area, good optical transparency, high Young’s
modulus, and excellent thermal/electrical conductivity. This discovery
sparked exploration into similar materials, such as transition metal di-
chalcogenides (TMDs), MXenes, transition metal oxides (TMOs), hexagonal
boron nitride (h-BN), metal–organic frameworks (MOFs), black phosphorus,
and many others materials (expanding the range of 2D nanomaterials), es-
pecially due to their alluring interchangeable electronic properties (see
Figure 1.1). Various fabrication methods, from mechanical cleavage and
chemical synthesis to chemical vapor deposition (CVD) and pulsed layer
deposition (PLD), have been developed.6 This chapter gives a brief overview
of the properties, synthesis techniques, and applications of a few emerging
high-tech 2D nanomaterials, namely, graphene, reduced graphene oxide
(rGO), graphene oxide (GO), graphitic carbon nitride (g-C3N4), TMDs,
MXenes, TMOs, and hexagonal boron nitride in the following sections.

1.2 Graphene
Graphene, a two-dimensional (2D) material, is an allotrope of carbon in
which a single layer of carbon atoms is arranged in a honeycomb lattice
structure.7 In its planar structure, the carbon atoms are sp2 hybridized, with
a carbon bond length of 0.142 nm. Individual layers of graphene are stacked
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to form graphite, with an interlayer spacing of 0.33 nm (see Figure 1.2), held
together by vdW attraction forces. Owing to the weak forces between the
layers of graphene in the bulk graphite, they can be easily exfoliated into
individual monolayer graphene sheets of thickness 0.35 nm.8

Figure 1.1 Schematic representation of some notable layered 2D nanomaterials
researched intensively for their intriguing properties and potentially
valuable applications, especially addressed for their interchangeable
electronic properties depending on the synthesis conditions. These
materials, their properties and recently updated synthetic methodolo-
gies are systematically addressed in this chapter.

Figure 1.2 (a) Graphite, an allotrope of carbon, made up of multiple monolayers of
graphene, held together by weak van der Waals (vdW) forces with an
interlayer distance of 0.33 nm. (b) Single layer of carbon atoms ar-
ranged in a hexagonal lattice forming the graphene monolayer with a
thickness of 0.35 nm, where the bond length between carbon atoms is
0.142 nm.
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1.2.1 Properties of Graphene

Graphene is a zero-bandgap material and the strength of defect-free gra-
phene is 300 times stronger than that of steel.9 It exhibits a high surface area
of 2630 m2 g�1 and very high electron mobility of 15 000 cm2V�1 s�1.10 Its
exceptional thermal conductivity reaches 5300 Wm�1 K�1 at room tem-
perature, which is ten times higher than that of copper,11 100 times higher
than silicon, and 5000 times that of graphite.10 This high thermal con-
ductivity is attributed to the continuous p-orbital formed by electron clouds
on both sides of the carbon ring (see Figure 1.3), enabling facile movement
of electrons throughout the graphene structures.12 A single layer of graphene
absorbs only 2.3% of the incident light, and 97.7% of light passes through
the layer, making it a viable candidate for designing transparent electrodes,
touch screens, solar cells, and light-emitting diodes.13 It is a hydrophobic
material and forms agglomerates in aqueous media. Defect-free crystalline
graphene is stable and exhibits inertness, due to stable bonding between
carbon atoms, and does not undergo any chemical reactions under normal
conditions.14

1.2.2 Synthesis of Graphene

Graphene synthesis is broadly classified into top-down and bottom-up
approaches.15 In the top-down approaches, the individual graphene nano-
sheets are derived from bulk parent material, usually graphite. Commonly
used techniques to synthesize graphene by a top-down approach are
mechanical exfoliation,16 liquid-phase exfoliation,17 chemical exfoliation,18

microwave techniques,19 axial unfurling of nanotubes,19–21 and graphene
oxide reduction22–25 (see Figure 1.4). The bottom-up approach uses carbon
atoms as building blocks, and the techniques in this category are CVD26 and
epitaxial methods.27

Figure 1.3 Schematic depiction of electron clouds on both sides of the carbon ring
due to the continuous p-orbitals.
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1.2.2.1 Mechanical Exfoliation

Mechanical exfoliation is a technique in which graphene layers are moved
from graphite to an adhesive material, such as Scotch tape. The tape is gently
stuck onto the surface of the graphite to peel graphene by shear action.28 The
weak interlayer forces and large layer spacing in the perpendicular direction
enable exfoliation of individual layers.29 Novoselov and Geim harnessed this
technique to make graphene for the first time.16 This method is efficient in
producing monolayers of graphene with good structural properties and
electronic configurations. The major drawbacks of this method, which
render it inefficient, are the relatively low yields and long production
times.30

1.2.2.2 Liquid-phase Exfoliation

Liquid-phase exfoliation (LPE) is a three-step process involving dispersion of
graphite in a solvent, exfoliation, and purification. The exfoliation process
involves two subprocess: sonication and shear force application in a high-
shear mixer. Sonication disperses graphite flakes in a solvent and subjects
them to sound waves, generating cavitating bubbles that implode, producing
shockwaves and microjets.31 Shear mixers generate intense shear forces to
exfoliate the graphite.32 Suitable solvents are essential for stable graphene
dispersions. The efficiency of LPE relies on the sound wave intensity, solvent
type, and centrifugation conditions, where centrifugation removes bulk
aggregates to isolate few-layer and monolayer graphene.33

1.2.2.3 Chemical Exfoliation

Direct top-down fabrication of graphene monolayers from bulk graphite
involves lower yields, in contrast to chemical exfoliation, which enables

Figure 1.4 The various synthetic strategies for producing 2D graphene nano-
sheets.38 Reproduced from ref. 38, https://doi.org/10.1007/s40089-015-
0176-1, under the terms of the CC BY 4.0 license, https://
creativecommons.org/licenses/by/4.0/.
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higher yields compared to the above methods. However, this technique in-
volves generation of graphene oxide, from which graphene-related materials
are derived. Graphene oxide is produced by the Brodie, Hummers, and
Staudenmaier methods.34,35 The commonly used Hummers method em-
ploys strong oxidizing agents, such as H2SO4, KMnO4, and NaNO3, to oxidize
graphite to produce graphitic oxide.34 Here, the interlayer spacing between
the layers of graphene is increased by forming graphene-intercalated com-
pounds (GICs).36 Then, using sonication or heating, GICs are exfoliated into
single- to few-layer GO nanosheets. The resulting GO contains dense oxygen
functional groups, such as hydroxyl, epoxy, and carboxylic acid moieties. It
must be reduced to attain graphene-related characteristics.37 Such reduction
can be achieved using agents such as hydrazine, hydroxylamine, glucose,
ascorbic acid, hydroquinone, alkaline solutions, sodium borohydride, and
pyrrole.38

1.2.2.4 Chemical Vapor Deposition

The synthesis of graphene through CVD processing involves the thermal de-
composition of gaseous precursors containing carbon molecules at higher
temperature (B1000 1C) and their subsequent deposition onto the substrate
surface.39 The decomposed carbon species diffuse on the substrate surface
and arrange themselves into graphene layers. Precursors, such as methane,
ethylene, acetylene, ethanol, and benzene, are decomposed on various tran-
sition metal substrates, such as Ni, Pd, Ru, Ir, and Cu.26 Graphene was first
synthesized, in 2006, using a camphor (C10H16O) precursor on Ni foil.38 CVD
produces graphene monolayers with large lateral dimensions, thereby
rendering it a viable candidate for several electronic and energy devices.40

This method ensures large-area films, control of thickness of the nanosheets,
and its adaptability with various substrates. However, post-separation of the
graphene monolayers from the substrate is still not a trivial task.41

1.2.2.5 Epitaxial Growth

In this method, graphene is formed over a crystalline substrate, where the
fabricated 2D nanosheets possess crystalline features that are the same as
the substrate material. The resultant layer is commonly known as the epi-
taxial layer.42 Here a smooth and contaminant-free surface with a hexagonal
lattice structure is frequently used as a substrate for graphene formation. For
example, silicon carbide (SiC) provides a natural pattern (template) for
graphene formation owing to its similar lattice structure. To obtain gra-
phene, precursor gas is passed over the substrate in a controlled environ-
ment in the temperature range 1100–1600 1C.42 Epitaxial graphene
formation on SiC has been recognized as a viable route for mass production
of graphene for electronic devices. Examples include high-frequency elec-
tronics, light-emitting devices, and radiation-resistant devices.43 This tech-
nique ensures high-quality single-layer graphene with desirable properties
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for its applications in electronic and optical devices. Nevertheless, this
method demands specialized equipment and accurate growth conditions.
Therefore, it is considered more challenging and expensive compared to
other techniques, such as CVD.

1.3 Graphene Oxide and Reduced Graphene Oxide
Graphene’s poor solubility and production issues associated with large-scale
synthesis at lengthier lateral dimensions make it challenging to unlock its
engineering application potential.44,45 As a substitute, an analogous struc-
ture of graphene can be synthesized by a top-down approach using graphite
as a parent material. Here, graphite is exfoliated using oxidizing agents in
the presence of suitable solvents to yield graphite oxide, comprising several
monolayers of graphene oxide. Each of these layers of GO material comprise
myriads of oxygen functional groups. GO is easily dispersed in many solv-
ents, processed, and functionalized, thereby rendering it well suited as a
precursor for graphene.46,47 GO is an insulating material owing to the
presence of oxy functional groups, such as hydroxyl and epoxy groups at its
basal plane and edges.48 The GO can be made conductive by reducing these
oxy functional groups with a variety of techniques, resulting rGO.
A systematic methodology for obtaining GO and rGO from graphite is shown
in Figure 1.5. Graphene-like properties render rGO a highly desirable ma-
terial to be used in a spectrum of applications, such as in sensors,

Figure 1.5 Synthesis of rGO and GO from graphene, derived from the graphitic
material.292 Reproduced from ref. 292 with permission from Elsevier,
Copyright 2018.
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biomedical, environmental, and catalytic applications, as well as in opto-
electronic and storage devices.49–51

1.3.1 Properties of GO and rGO

1.3.1.1 Mechanical Properties

GO produced by a modified Hummers’ method has shown an elastic
modulus value near to that of graphene.52 GO successfully serves as a filler
for increasing the tensile strength of polymers. For example, 20% GO filler in
polyvinyl alcohol (PVA) has been shown to result in an enhanced tensile
strength of five times that of the pure PVA film.53 The marked increase in the
mechanical properties of the composite are a result of the high degree of
bonding between the PVA and the oxy functional groups of the GO. In a
similar study, 0.1 wt% of GO in polyurethane (PU), used in the vulcanizing
process of rubber, increased the tensile strength by 16.4%.54 It has also
been reported that GO decorated with ruthenium and cerium nanoparticles
(0D–2D) results in enhanced catalytic activity for the oscillatory Belousov–
Zhabotinsky reaction.55–57

1.3.1.2 Electric Properties

Electrically conductive polymers are developed by incorporating rGO as a
filler.58 GO is a semiconductor due to abundant oxy functional groups and
disruption in sp2 hybridization, and can be made conductive by reducing the
functional groups using established techniques.59 It has been corroborated
that the conductivity is increased by several orders of magnitude after re-
duction, but less than that of pristine graphene. This difference is due to
traces of oxygen bonded to carbon, which disrupts the charge carriers and
occurrence of electron transport through a hopping mechanism. Re-
searchers have shown that GO reduced in the presence of hydrazine hydrate
improved the conductivity by five orders of magnitude. Similarly, reduction
of GO using a conventional microwave operated at 1000 W for 1–2 s has
shown improved electron mobility, from 0.0001 to 0.1 m2V�1 s�1, in field-
effect transistors.60 Other techniques to reduce GO are treatment with HI
and KOH.61,62 With 24 wt% of rGO as a filler in a polyaniline (PANI) polymer
composite, it functions as a flexible supercapacitor and displays a con-
ductivity of 9.06� 104 Sm�1.63 The improved conductivity is attributed to
compact packing of PANI with rGO.

1.3.1.3 Thermal Properties

Graphene has a very high thermal conductivity, in the range
3000–5000 Wm�1 K�1, whereas GO has very low thermal conductivity, of
0.5–1 Wm�1 K�1. It is very important to reduce GO to rGO so that its
application can be realized in materials that require good thermal
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properties.64 The thermal conductivities of polymer systems, such as
epoxy and styrene butadiene rubber, are improved upon incorporating
rGO.65 Likewise, the addition of 27.2 wt% of rGO in poly(vinylidene
fluoride-co-hexafluoropropylene) has shown a thermal conductivity of
19.5 Wm�1 K�1.66 The conductivity of rGO lies in between that of GO
and graphene. The mechanical properties are near those of graphene
and it is used in composite materials to enhance the flexibility and
strength. rGO is chemically more stable compared to GO, owing to the
removal of oxy functional groups during reduction. The thermal sta-
bility of rGO is very high (B750 1C), enabling its implementation in
high-temperature applications.67

1.3.2 Synthesis of GO and rGO

GO is synthesized via a top-down approach, by oxidizing graphite with strong
oxidizing agents.34,35 This yields graphite oxide, with oxygen groups inter-
calated between graphite layers. Sonication separates the layers into mono-
to few-layer GO nanosheets. rGO derived from GO through reduction often
has defects.68 Ascorbic acid offers a green alternative, providing efficient
reduction without the use of toxic agents, such as hydrazine hydrate.69

1.4 Graphitic Carbon Nitride
The class of polymeric materials composed of carbon and nitrogen are
known as carbon nitrides. Among this class, graphitic carbon nitride
(g-C3N4), a non-metallic semiconductor,70 has received significant research
interest in the areas of energy conversion, photocatalysis, hydrogen pro-
duction, etc.71–74 It is the most stable allotrope of carbon nitride under
ambient atmosphere and its surface is basic in nature.75,76 The g-C3N4

portrays a graphene-like 2D structure and is made up of s-triazine units.
This building block of g-C3N4 is shown in Figure 1.6. It has a bandgap of
2.7 eV, thereby rendering it an effective visible light photocatalyst.77,78 The
functional groups NH2 and NH present at the edges serve as crucial sites for
conversion, active catalysation, and CO2 activation.78 It exhibits several ex-
ceptional characteristics, such as a moderate and tuneable bandgap,
chemical and thermal stability, high surface area, and ease of synthesis.79

These materials were primarily investigated for their photocatalytic abilities,
and they have emerged as viable materials for diverse engineering appli-
cations, including catalysis, sensing, bioimaging, and in the energy
sector.80–82

1.4.1 Properties of g-C3N4 Materials

The thermal stability of g-C3N4 is the highest among many organic materials.
It starts undergoing thermal decomposition at a temperature higher than
600–700 1C, and completely decomposes at 750 1C.83 The choice of synthesis
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method and precursors dictates the stability of the g-C3N4.
79 The high

thermal stability of g-C3N4 enables its use in various applications: for ex-
ample, as a heterogeneous organic catalyst, at an operating temperature
below 500 1C.79 In addition, these materials also exhibit very good chemical
stability: they do not degrade in water, acid, and many organic solvents.84

Treating bulk g-C3N4 with acids will exfoliate it into individual sheets
without destroying its base planar structure.85

For efficient photocatalytic water splitting, the photocatalyst bandgap
energy should ideally fall between 1.23 eV and 3 eV, allowing utilization of
the visible light spectrum to provide sufficient energy for the process. Ef-
fective photocatalysts in the literature typically exhibit bandgaps larger than
2 eV. g-C3N4, with a bandgap energy of 2.7 eV has demonstrated efficient
visible light photocatalytic water splitting in the presence of sacrificial
donors.86 Notably, a self-propelling photocatalytic system was fabricated
recently using a g-C3N4 semiconductor material.87

1.4.2 Preparation of g-C3N4 Materials

To ensure practical engineering applications, g-C3N4 must have well-
controlled mono- to few-layered thickness and porous structures.

1.4.2.1 Hard- and Soft-template Method

Templating involves replicating a structure into another through structural
inversion, and is a versatile technique for preparing nanostructured porous
materials.88 Hard templates, such as silica nanospheres89 or SBA-15,90 are
utilized for creating porous g-C3N4 architectures with tuneable pore diam-
eters. This method ensures high specific areas and open pores, but requires
environmentally harmful template removal processes using NH4HF2 or

Figure 1.6 Schematic depiction of triazine building unit forming the g-C3N4
nanosheet (blue: N, black: C, white: H).

10 Chapter 1

D
ow

nloaded from
 http://books.rsc.org/books/edited-volum

e/chapter-pdf/1909573/bk9781837675838-00001.pdf by T
echnische U

niversiteit D
elft user on 29 A

pril 2025



HF.79 By contrast, soft templates, such as amphiphilic surfactant molecules,
offer a greener approach, with template removal achievable through cal-
cination.91 Different morphologies and specific surface areas of g-C3N4 can
be achieved using various surfactants or liquids as soft templates, as
exemplified by mesoporous g-C3N4 fabricated with Triton X-100.92

1.4.2.2 Template-free Method

Porous g-C3N4 can also be obtained by facile thermal treatment of a di-
cyandiamide precursor. The thus-prepared porous g-C3N4 has shown a high
Brunauer–Emmett–Teller (BET) surface area (201–209 m2g�1) and large pore
volume (0.50–0.52 m3g�1).93 Graphene-modified porous g-C3N4 (porous g-C3N4/
graphene) was also synthesized by thermal calcination.94

1.4.2.3 Exfoliation of Bulk g-C3N4

Bulk g-C3N4 powder can be produced by polycondensation of affordable
nitrogen-containing organic precursors, such as urea, thiourea, melamine,
cyanamide, dicyandiamide, and guanidine hydrochloride. Despite its 2D
layered structure, akin to graphene, bulk g-C3N4 typically has a low specific
surface area (usually below 20 m2 g�1). Inspired by graphene’s exfoliation
from graphite, the delamination of bulk g-C3N4 into mono-/few layers
of g-C3N4 is seen as an effective approach to increase the specific surface
area, given that the theoretical specific surface area of ideal
monolayer g-C3N4 can reach as high as 2500 m2 g�1.95

1.4.3 Conclusion for Graphene/GO/g-C3N4

The exceptional electronic and electron transport characteristics of graphene
suggest its potential as a substitute for silicon in future electronics and
optoelectronics. However, its lack of a bandgap, which is linked to Dirac
fermions, inhibits its suitability for these applications.96 Additionally, gra-
phene sheets tend to aggregate or form stacks due to interlayer vdW forces,
which are particularly evident in aqueous solutions. This aggregation
impedes the dispersion of graphene in composites and solutions, thereby
diminishing its efficacy in applications such as coatings, composites, and in
energy devices, such as supercapacitors and hydrogels, where porous
structures are desired.97

Even though defect-free graphene represents an ideal material for various
applications, yet current fabrication methods remain immature. Atomic
layer deposition (ALD) encounters difficulties when applied to graphene
because of the absence of reactive surface sites. Consequently, this results in
the preferential growth of grain boundaries, wrinkles, and defects within the
graphene structure (a non-uniform sheet is formed).98 Furthermore, scaling
up the production of graphene-based materials at an economically viable
cost remains highly challenging. The production of monolayer graphene
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with high purity remains a formidable challenge, thereby constraining the
scalable manufacturing of graphene and its prospective commercial appli-
cations. Essentially, a comprehensive assessment of the potential health
hazards associated with graphene-based materials is imperative before
considering widespread utilization on a large scale. For instance, the use of
hazardous chemicals, such as hydrazine, borohydrides, and aluminium
hydride, as reducing agents in the oxidative exfoliation-reduction method
has restricted its commercialization due to potential environmental risks.99

Despite the enhanced performance of exfoliated g-C3N4 sheets, compared to
its bulk counterpart, its real-world implementation is hindered due to
complexities associated with the large-scale synthesis of these nano-
structured materials.100

All these drawbacks of graphene-based 2D materials have prompted re-
search and development of many other materials, such as TMOs, TMDs,
MXenes, h-BN, etc., which offer a plethora of properties that can be tailored
according to the application required. The properties, synthesis, and appli-
cations of these are elucidated in the following sections of this chapter.

1.5 Transition Metal Dichalcogenides
The TMDs represent a group of 2D layered materials that exhibit behaviour
differing from that of graphene. In contrast to graphene’s single atomic
carbon thick layer, TMDs are composed of a transition metal array sand-
wiched between two similar/dissimilar chalcogen arrays (S, Se, or Te). Hence,
the materials within the realm of TMDs can be designated/abbreviated as
MX2 (M¼ transition metal and X¼ S or Se or Te). Within each unit or in-
dividual layer, there are three different atomic planes (here, the top and
bottom chalcogen layer could be either the same or different, depending on
the material) positioned along the lateral direction. The quintessential
atomic bonding in these layered TMDs happens in such a way that each
metal atom requires two chalcogen atoms, so that the oxidation states are
þ4 for the metal and �4 for the two chalcogen atoms combined.101

Each monolayer/slab of TMD material is composed of three sublayers of
atomic planes (X–M–X). Here, the transition metal atom sublayer is bonded
covalently to the chalcogen sublayer, above and below it, whereas each
monolayer within the bulk architecture of the TMD is bonded with each
other through vdW forces. These TMDs display different polymorphs (dif-
ferent crystalline structures) due to their typical diverse polytypes (diverse
stacking of atomic planes within a monolayer).102 As these monolayers are
held together by weaker interactions between the interlayers, they can easily
be exfoliated by a myriad of top-down approaches, resulting in the synthesis
of monolayers of TMDs.

The conventionally observed crystalline phases in the family of TMDs can
be classified into two fundamental types: the H phase and the T phase. There
are two different polytypes present within the H phase system and these are
designated as 2H and 3R phases. Here, the letter ‘H’ refers to a hexagonal
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and ‘R’ to a rhombohedral structural arrangement, and the integer prefixing
these letters indicates the number of monolayers present in the unit cell of
the crystalline structure. Specifically, in the 2H phase, the chalcogen atoms
present in the different atomic planes within the monolayer are horizontally
located in the same position, but vertically perpendicular to the direction of
the atomic plane they are positioned on top of each other, thus following the
‘AbA–BaB’ stacking configuration.

Here, the capital letters A and B denote the chalcogen atoms and the
small letters b and a denote the transition metal atoms (see side view
portion in Figure 1.7a). In the case of TMDs with a 3R phase, the position of
the chalcogen atom within each monolayer follows the same pattern as
the 2H phase, however, their stacking configurations follow the sequence
‘AbA–CaC–BaB’, which is systematically depicted in Figure 1.7b.

These two diverse polytypes (2H and 3R) within the H-phase crystal system
follow the same metal coordination: each transition metal atom coordinates
with the surrounding six neighbouring chalcogen atoms and the branching
is such that it forms a trigonal prismatic (D3h group) geometry composed of
two tetrahedrons. In this structure, the metal is positioned in the centre
point (symmetry point) and three branches of chalcogen atoms are on the
upper tetrahedron and the remaining three in the bottom tetrahedron
(see Figure 1.7a). This results in a 2D honeycomb lattice with hexagonal
symmetry, when the 2H phase is seen in top view, as shown in Figure 1.7a.
Irrespective of the trigonal prismatic metal coordination in the 3R polytype,
the stacking pattern exhibits an in-plane shift with respect to the first layer,
resulting in a staggered disposition.103 Importantly, an auxiliary atom is
present exactly in the centre of the honeycomb lattice,104 as observed in the
top view of the structure (see Figure 1.7b).

Figure 1.7 Schematic representation of various polytypes present in the family
of transition metal dichalcogenides: (a) 2H phase, (b) 3R phase, and
(c) 1T phase.
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Finally, the remaining polymorph present in the family of 2D TMDs is
the T-phase crystal system. Here, the chalcogen atoms within the monolayer
in different atomic planes occupy different positions and are not located
on top of each other, resulting in an ‘AbC’ stacking configuration
(see Figure 1.7c). In the T-phase crystal structure, the metal atom coordin-
ates by branching with the surrounding six chalcogen atoms and forms an
octahedral structure (D3d group). Such a structure is formed with a transition
metal atom in the centre and three chalcogen atoms branching to this metal
atom trigonal prismatically, forming a tetrahedron structure on the top, and
the other tetrahedron (trigonal antiprism) structure in the bottom is ob-
tained by rotating the top tetrahedron by 1801 (see Figure 1.7c). This even-
tually results in a hexagonal arrangement of the chalcogen atoms, when
observed in the top view (see Figure 1.7c) and this polytype is termed the 1T
phase (D3d point group). Apart from the 1T-octahedral structure, the other
polytypes present in the T phase system are 1T0 and 1Td phases. The 1T0

phase is obtained through the distortion of the octahedral structure in the
conventional 1T phase. This happens when the 1T phase is unstable and the
crystal structure relaxes through the dimerization of metal–metal bonds105

(see Figure 1.8a). In certain members of the TMD family (MoTe2, WTe2, etc.),
the distortion of the 1T phase results in orthorhombic metal coordin-
ation,104,106 resulting in the formation of the 1Td polytype within the T-phase
crystal system (see Figure 1.8b). Thus, in accordance with the stacking
configurations of the atomic sublayered planes within a monolayer, the
TMDs form different polytypes and, based on the metal coordination with
adjoining chalcogen atoms, various polymorphs of TMDs are formed. To
conclude, the monolayer of TMDs exhibit rudimentarily either the H-phase
(trigonal prismatic coordination) or T-phase (octahedral) crystal structure.

Based on the constitution of TMDs, with transition metal (group 4, 5, 6, 7,
8, 9, or 10) and chalcogen (S, Se, or Te) components, the thermodynamically
stable crystal structure is either 2H or 1T phase, while other polymorphs
exist in the metastable state. The favoured stable phase with the lowest
energy displayed by the TMD material is predominantly determined by the

Figure 1.8 The primarily observed distorted 1T phases: (a) 1T0 phase and (b) 1Td
phase in TMD materials.
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transition metal atom, and, specifically, by the number of d electrons pos-
sessed by the transition metal in the particular transition metal dichal-
cogenide. On the other hand, TMDs with group 6 transition metals
(d2 configurations, that is, a d electron count of 2) display an H-phase crystal
structure with trigonal prismatic coordination. Group 5-based TMDs
(d1 configurations) exhibit both H-phase and T-phase crystal structures.
Finally, TMDs with group 7 metals (d3 configurations) are conventionally
observed with the distorted octahedral crystal structure (T0 phase).101,106

1.5.1 Electronic Structure and Properties of 2D TMDs

The rudimentary electronic characteristics of 2D TMDs can be perceived from
the ligand field splitting and the number of d electrons possessed by the
transitionmetal in the TMD. The non-bonding d bands in the X–M–X bonds are
composed of d orbitals of the transition metal and are positioned in the gap
region between the antibonding (s*) and bonding (s) orbitals (bands) estab-
lished by the X–M bonds (see Figure 1.9). In TMDs with trigonal prismatic
coordination (H phase system), the ligand field splitting of the d orbitals of the
transition metals forms three specific bands: a01 dz2ð Þ; e0 dx2 � y2; xy

� �
, and e00

(dxy, yz), which are separated by a distinct energy gap:107 see the progressive
filling of d orbitals for groups 5 and 6 in the bandgap in Figure 1.9. On the other
hand, TMDs with octahedral coordination (T phase system) form two degenerate
orbitals: t2g dxy; yz; zx

� �
and eg dx2 � y2; z2

� �101,108 (see band diagrams for groups 4, 7,
and 10 in Figure 1.9). The myriad electronic properties of TMD materials arise
from the number of electrons occupying the non-bonding transition metal
d orbitals, or, in simple terms, the electronic behaviour is dependent on the
d electron count of the transition metal atom in the TMD, as this count directly
influences the location of the Fermi energy level (EF).

Figure 1.9 Schematic depiction of energy levels in TMD materials composed of
transition metals from groups 4, 5, 6, 7, and 10, illustrating the
progressive filling of the various d bands located within the region of
bonding (s) and antibonding (s*) states.101 Adapted from ref. 101 with
permission from Springer Nature, Copyright 2013.
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When these non-bonding orbitals are not filled, as in the case of group
4 TMDs, or are completely filled with six d electrons, as for group
10 TMDs,101,109 the EF is positioned within the energy gap between the
orbitals, leading to semiconducting behaviour. When the dz2 and dxy; yz; zx

orbitals are partially filled, as in the case of group 5 and 7 TMDs, respectively,
then the resultant Fermi level is positioned within the partially occupied
d orbitals, where these TMDs exhibit metallic character in their electronic
properties: for example, in 2H-NbSe2 and 1T-ReS2

101 with group 5 and 7 band
schematics as shown in Figure 1.9. The two d electrons in group 6 TMDs
completely fill the a0

1 dz2 orbitalsð Þ bands107,109 (see Figure 1.9) thus making
the 2H-MoS2 exhibit semiconducting behaviour. Interestingly, the stable 2H
phase of group 6-based TMDs can be transformed into the T phase
(octahedral coordination) by intercalating the material with alkali metals
(lithium, sodium, and potassium intercalation110,111) or by exposing the TMD
material to a high-dose electron beam, where a 2H!1T transformation is
achieved through intralayer atomic plane gliding.112

The former technique of ion intercalation is the conventional strategy
employed in TMDs for phase engineering. Here, the original stable phase is
destabilized by the effective change of the d electron count, through do-
nation of the electron from the valence s orbital of the alkali metal to the
d orbital of the transition metal. Such redistribution of d orbitals in group
6 TMDs, results in transformation to T-phase crystal structure, which
eventually results in the partial filling of the t2g orbital (see Figure 1.10),
and thus the phase transformation through ion intercalation in group
6 TMDs results in electronic characteristics with metallic behaviour. Apart
from the influence of the d electron count of the transition metal atom on
the electronic structure of the TMD, the electron count of the chalcogen

Figure 1.10 Schematic illustration of the density of states for group 6-based TMDs
and the corresponding conversion to the 1T phase upon intercalation
or through any other external driving force.101 Adapted from ref. 101
with permission from Springer Nature, Copyright 2013.
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atom also displays an altering trend. With the increase in the electron
count (atomic number) of the chalcogen atom, there is a scaling decrease
in the bandgap of the semiconductor material within the family of TMDs.
For example, when the chalcogen atom was changed from S to Te in group
6 TMDs (MoS2!MoSe2!MoTe2), the experimentally observed indirect
bandgap was 1.37 eV for MoS2, 1.25 eV for MoSe2, and 0.89 eV for MoTe2.

113

Such a decrease in the bandgap is due to the increase in the valence
band (VB) edge, resulting in uplift of the VB minimum level, due to aug-
mentation of the overlap of p–d orbitals with increasing atomic number of
the chalcogen atom.109,114 Subsequently, the conduction band offset is
negligible, indicating that the influence of the chalcogen atom on the
electronic structure is not as dramatic as that of the transition metal
atom.114

1.5.2 Correlation Between Monolayer Count and Band
Structure of TMDs

The group 6 TMDs, especially the molybdenum- and tungsten-based di-
chalcogenides are the most researched materials among the entire family of
TMDs.109 Most notably, MoS2, MoSe2, MoTe2, WS2, and WSe2 are sufficiently
stable under ambient conditions, rendering them ideal 2D materials for the
sensitive detection of gaseous molecules.115 Interestingly, for the same
chalcogen atom, molybdenum is more reactive than the tungsten atom, due
to the intrinsic higher reactivity of 3d electrons compared to 4d electrons.
Thus, a larger atomic radius and reduced (diminished) reactivity reduce
interaction between the transition metal and chalcogen atoms in TMDs. As a
result, the stability of Mo-based TMDs is much higher than that of W-based
TMDs.109,116 Coupled with their stability and fascinating catalytic activity,
Mo-based TMDs have found applications in sustainable renewable energy
conversion, storage, and environmental related applications, for example: (1)
2H-MoS2 serves as a visible light photocatalyst for treatment of pollutants
and microorganisms;117 (2) MoS2- and MoSe2-based heterolayers are em-
ployed as effective electrocatalysts for the HER;118 and (3) 1T-MoS2 and
1T-MoSe2 have been studied as efficient electrocatalysts for Li–O2

batteries.119–121 The properties for such exalted catalytic activities for Mo-
based TMDs stem from the intriguing evolution of their band structure in
response to decrease in the thickness of the material when they are con-
stricted from multilayer to monolayer materials.

Monolayered 2D nanosheets of TMDs became easily accessible with the
report of large-scale synthesis of monolayers of MoS2, MoSe2, MoTe2, and
TaSe2 through the liquid exfoliation technique.122 When a semiconducting
bulk TMD, such as 2H-MoS2 or any material in the group 6 TMDs, is syn-
thesized as a single monolayer it exhibits an interesting band structure that
differs from the bulk counterpart. The bulk MoS2 possesses an indirect
bandgap of 1.2 eV, whereas the monolayer of MoS2 transforms into a direct
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bandgap of 1.9 eV.123 When bulk, or even multiple layered (2L, 4L, 6L, etc.),
2H-TMDs are produced, the resultant material displays a crystal inversion
symmetry. Here, the inversion centre is present between the two layers of
the TMDs (see Figure 1.11a). However, in case of a monolayer or any odd
number of layers, the inversion symmetry is dramatically broken.
This leads to asymmetric potentials in the proximity of the atoms.124 The
hexagonal arrangement results in the occurrence of inequivalent valleys
with the same energy but different momenta (K and K 0), alternating at the
six corners of the first Brillouin zone of group 6-based TMDs with mono-
layers (see Figure 1.11b and c). Coupled with the broken inversion sym-
metry, spin–orbit coupling (SOC) causes splitting of the valence band at
these valleys at the K and K 0 points. The spin projections in the K point are
spin-up in the upper valley and spin-down in the lower valley, mirroring the
projection at K 0 (see Figure 1.11c). This effect is predominant in the VB of
the semiconductor TMD, and the observed spin splitting energy is 0.148,
0.183, 0.426, and 0.456 eV for the upper valence band of 2H-MoS2,
2H-MoSe2, 2H-WS2, and 2H-WSe2, respectively.

125 This trend enables us to
understand that the spin–orbit coupling is a relativistic effect and its
magnitude is enhanced for heavier atoms. However, such spin splitting is
very weak for the conduction band of the above materials, and it is about an
order of magnitude less than the splitting energy observed for the valence
band.126

To summarize, for the intrinsic electronic properties of monolayers
of semiconducting TMDs, the broken inversion symmetry enhances the
spin–orbit coupling. As a result, the valence band at the inequivalent valleys
with different momenta splits, with spin-up and spin-down electrons
(Figure 1.11c). This fascinating property is called spin–valley coupling (SVC),
which subsequently enables the optical selection rule on these valleys, which
empowers us to selectively excite the K valley using right-handed circularly

Figure 1.11 (a) Diagrammatic depiction of the side view and top view of the
2H-MoS2 unit cell composed of two monolayers of MoS2 material.
(b) The first Brillouin zone of the MoS2 monolayer.125 (c). Band
structure of MoS2 with valence band splitting at K and K0(�K) points
of the Brillouin zone.127 (a) and (b) Adapted from ref. 125 with
permission from American Physical Society, Copyright 2011; (c) repro-
duced from ref. 127 with permission from American Physical Society,
Copyright 2012.
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polarized light (sþ) with spin-up electrons and spin-down holes. Similarly,
the K0 valley can be excited with left-handed circularly polarized light (s�),
generating excited spin-down electrons and spin-up holes127 (see
Figure 1.12a and b). This intrinsic SVC property energetically forbids the
independent flipping of valley or spin, leading to an enhanced lifetime of the
excited charge carriers.128 These features enable the application of mono-
layered TMDs, such as MoS2, in valleytronics devices, such as for quantum
computing129 and spintronics devices,130 and also as an alternative cocata-
lyst in heterogeneous photocatalysis-based water splitting processes for
hydrogen production.131 Interestingly, concatenation of the above-
mentioned monolayer MoS2 with a chiral nematic cellulose-based film that
selectively reflects left and/or right circularly polarized light, could pave the
way for the fabrication of several smart devices in the future.132–134

Importantly, in the case of TMDs with an even number of monolayers (be
it as a bilayer or as bulk material), the crystal inversion symmetry is not
broken. This results in the strong suppression of the spin–orbit coupling,
and subsequently there is no spin splitting at the inequivalent valleys at the
K and K0 points of the Brillouin zone. These factors ultimately lead to de-
coupling of the spin and valley physics, under such a scenario, and when the
TMD material is exposed to circularly polarized light, instead of selective
excitation, both the inequivalent valleys are equally populated with net spin
of electrons. This ultimately produces very weak photoluminescence in the
TMD materials.

Figure 1.12 Diagrammatic representation of (a) monolayer and (b) bilayer present
in 2H-phase TMD material along with the corresponding valence and
conduction band levels. The enhanced spin splitting at the valence
bands is due to spin–orbit coupling and the physics of the valley and
spin are coupled in monolayers and not coupled in bilayers.293

Adapted from ref. 293 with permission from the Royal Society of
Chemistry.
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Finally, the transition from indirect bandgap to direct bandgap semi-
conductor, when group 6 TMDs are exfoliated into a monolayered structure
can be facilely elucidated by studying the electronic dispersion of the band
structure. Figure 1.13 shows the density functional theory (DFT) calcula-
tions for bulk, several multilayers (8L, 6L, and 4L), and monolayers of
MoS2. In the case of bulk MoS2, the indirect bandgap emerges from the
valence band maximum at the ! point and the conduction band minimum
(CBM) at the L point (halfway between the K and ! points of the Brillouin
zone), as indicated by the slanting arrow between the blue (valence band)
and green (conduction band) lines in Figure 1.13. Here, the valence band
maximum at the ! point is formed by the 2p orbitals of the sulfur atom,
while the conduction band region at the K point is formed by the d orbitals
of the molybdenum atoms. As the bulk TMD is exfoliated into a monolayer,
there is a critical influence on the valence band maximum (VBM) at the
! point as it falls below zero, and a new VBM is formed at the K point,
resulting in direct transition from the VBM to CBM (direct bandgap) at the
K point,135 as indicated by a vertical arrow for the DFT of 2H-MoS2 in
Figure 1.13.

Figure 1.13 Band structure calculation of MoS2 when exfoliated from bulk to
monolayers. The dashed horizontal lines indicate the Fermi level and
the calculations at the DFT/PBE level are without relativistic effects.294

Reproduced from ref. 294 with permission American Physical Society,
Copyright 2011.
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1.5.3 General and Current Development in the Synthesis of
2D TMDs

The conventional top-down approaches for realizing monolayer TMDs are the
Scotch tape-based mechanical exfoliation technique, wet chemistry-based
solvent-phase exfoliation, and chemical intercalation strategies. The method in
the first of these techniques is facile, involving peeling off of the multilayers of
the TMD from the bulk crystal using Scotch tape and then subsequent de-
position onto SiO2/Si wafer substrates. However, this technique displays very
low yield, and uncontrollability and uncertainty in the lateral size and number
of monolayers, limiting its implementation in valuable applications.136,137

The wet chemistry-based chemical exfoliation technique not only provides
us with the opportunity to achieve a large quantity of exfoliation from the bulk
TMD material, but also enables structural modifications and doping of the
layered 2D TMDs. The direct exfoliation in the liquid phase involves immer-
sion of the bulk TMD in a solvent, followed by ultrasonication. The lateral size,
thickness, uniformity, and properties (density of edge atoms exhibiting ac-
tivity for catalysis) of the liquid-exfoliated nanosheets are heavily regulated by
the solvent type, nature, and concentration of the parent bulk TMD ma-
terial.138,139 Importantly, the duration of ultrasonication also influences the
dimensions of the resultant nanosheet and its properties. Prolonged sonica-
tion would eventually damage the structure of the exfoliated sheets, resulting
in a high occurrence of defects, and preventing its implementation in elec-
tronic devices.140,141 Finally, in the resultant suspension, stable dispersion of
the nanosheets in the colloidal state is achieved through interaction between
the solvent molecules and the nanosheets. As this interaction is of the vdW
force type, the crystal phase of the bulk semiconductor TMD material
(H phase) is retained successfully in the exfoliated nanosheets.142

Within the wet chemistry-based exfoliation strategy, the intercalation
technique not only delivers facile production of nanosheets of TMDs, but
also simultaneously induces a structural change in the resultant monolayers
of the TMD material. Intercalation can be further divided into two types
depending on the method used: (1) chemical intercalation and (2) electro-
chemical intercalation. Fundamentally, intercalation involves the injection
of an ion (or molecule) into the space within the layered structured ma-
terials. Alkali metal ions (Li1, Na1, and K1) are the commonly employed
guest species for intercalation-based synthesis of 2D materials of TMDs
(MoS2, WS2, WSe2), other 2D families (such as h-BN), and graphite.140,143 The
bulk host material with such guest intercalants can be effortlessly exfoliated
into nanosheets with internal (bubbling of gas) and/or external mechanical
driving forces, such as sonication, thermal shocking, shearing, milling,
etc.,104,144,145 as the guest ion species weakens the vdW forces within the
adjacent layers of the host material. The overall intercalation process in-
volves the following steps: (1) the bulk parent material (MX2) is first treated
with the intercalating agent (for example, n-butyl lithium (C4H9Li) in hexane)
to successfully produce an intercalated LiyMX2 compound and (2) this
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inclusion complex (hostþ guest) LiyMX2 is reacted with water to yield H2 gas,
LiOH, and colloids of nanosheets of negatively charged TMDs.

To summarize this particular exfoliation process, the intercalation of al-
kali metal ions augments the interlayer spacing of the parent bulk material
and reduces the vdW forces between the monolayers. The H2 generated upon
reaction of the inclusion complex with water drives the individual layers
apart and the negative charge present on the nanosheets creates Coulombic
repulsion and prevents aggregation.142,146 The occurrence of such a negative
charge is due to charge transfer from the valence electron of the lithium
metal to the MX2 layers. Such a charge transfer affects the atomic coordin-
ation of the 2H-TMDs, resulting in a crystalline phase transition from 2H
(trigonal prismatic coordination) to 1T (octahedral coordination), and ul-
timately leading to the loss of semiconducting properties and the buildup of
metallic properties. These fabricated 2D sheets with metallic properties find
a tremendous number of applications in electrocatalytic activities involving
hydrogen and oxygen evolution reactions.142

Notably, Goki Eda et al. fabricated a 2D monolayer of MoS2, with a thickness
in the range of 1–1.2 nm and lateral dimension of 300–800 nm, and, specifically
in these nanosheets due to lithium intercalation in the MoS2, 50% of the 1T
(metallic) phase was observed.147 Mohamed El Garah et al.148 employed an
electrochemical intercalation technique and synthesized mono-, bi-, and tri-
layers of MoS2 comprising a lateral size of 800 nm and 40% 1T phase.148

Sanghyeon Park et al.149 used a molten (potassium) metal-assisted intercalation
(MMI) approach coupled with mild sonication and successfully produced MoS2
nanosheets of 1–3 monolayer thickness, with 92% of the 1T phase. This inter-
calation approach not only provided a higher metallic phase portion, but also
the stability of the intercalated 1T phase was greater than 300 days; however, the
flake size was below 1 mm. This MoS2 nanosheet exhibited enhanced electro-
catalytic activity for the HER in both acidic and alkaline electrolytic media and,
importantly, the observed performance was much higher than the 1T-MoS2
nanosheets synthesized using the n-butyl lithium intercalation technique.149

While observing these high yielding top-down intercalation strategies, two
limitations are commonly encountered: the lateral size of the obtained flake
is still in the nanometre-size region and the complete phase purity of the 1T
phase (complete 100% transformation from 2H!1T phase) is not ensured in
any of the resultant TMD nanosheets. Recently, Patlolla Sai Kiran et al.150

reported a direct single-step plasma-spray exfoliation technique for the
fabrication of mono- to trilayered, ultrathin (1–2.6 nm) MoS2 nanosheets
with 100% phase purity of the 1T phase and with a lateral size of 0.6–1.6 mm
(see Figure 1.14), produced without any intercalation.150

The synchronized exfoliation and phase transformation of MoS2 in this
technique can be attributed to two parallel processes during the fabrication
of the nanosheets: (1) thermal shock in the plasma-spray process accom-
panied by two stages of shearing, one in the laminar region and the other in
the turbulent region (see the middle row in Figure 1.14); and (2) upon ex-
foliation, phase transformation occurs due to the S atomic plane gliding
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induced by the high-temperature exposure of the materials and an atypical
quenching rate of about 106 1C s�1. The resultant ultrathin 1T-MoS2 flakes
displayed enhanced electrochemical behaviour, with a specific capacitance
of about 420 F g�1 at a lower scan rate of 5 mV s�1, which manifests as an
exceptional electrode for supercapacitor applications.150

Nevertheless, the lateral size of the exfoliated TMDs is still in the micrometre-
size region, which limits its implementation in electronic, optoelectronic, and
sustainable green hydrogen generation applications. Hence, the development
of advanced synthetic techniques that deliver large-scale layered TMDs with
greater lateral size has become a pressing need. Ultrathin mono- or few-layered
TMDs can be obtained in several bottom-up approaches, such as ALD, CVD,
and radiofrequency (RF) sputtering processes.151–153 Notably, Nikolas Aspiotis
et al. reported uniform growth of monolayers of MoS2 on 6-inch Si/SiO2 wafers
through ALD coupled with an annealing-based conversion technique.154

1.6 MXenes

1.6.1 Introduction to MXenes

MXenes represent a prominent category of 2D materials, primarily com-
posed of carbides, nitrides, oxycarbides, and carbonitrides derived from
early transition metals. Characterized by an accordion-like structure, the

Figure 1.14 The diagrammatic representation of ultrathin 1T-MoS2 nanosheets
obtained through the direct plasma-spray exfoliation technique.150

Reproduced from ref. 150 with permission from John Wiley & Sons,
Copyright r 2024 Wiley-VCH GmbH.
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typical formula of MXenes is denoted as Mn11XnTx, where ‘M’ designates a
transition metal, such as Sc, Ti, V, and Nb; ‘X’ indicates carbon and/or
nitrogen; n¼ 1, 2, or 3; and ‘Tx’ signifies a functional group, such as –OH, –O,
–F, –Cl, –Br, –Se, –S, and –Te, which are surface terminations in MXenes.155

MXenes possess a hexagonal lattice symmetry inherited from their parent
MAX phase, coupled with exceptional electrical conductivity (6000–8000 S cm�1)
owing to their metallic backbone.156 Abundant surface functional groups pro-
vide numerous active sites, enabling efficient surface modification. Chemical
versatility arises from intrinsic composition and surface terminations, offering
the potential for tailored properties. Recognized for their diverse properties,
including thermal conductivity, tuneable bandgap, and mechanical strength,
MXenes hold promise for applications spanning energy conversion and storage,
environmental protection, transparent conductors, sensing devices, and struc-
tural composites.

1.6.2 Structure of MXenes

Given that the ‘n’ values for the existing Mn11AXn phases can range from
1 to 3, the resulting individual MXene sheet comprises of 3, 5, and 7 atomic
layers for M2X, M3X2, and M4X3, respectively. In each scenario, the thickness
of the individual MXene layers is below 1 nm, while their lateral dimensions
can extend to tens of micrometres.157 It can be said that MXenes exhibit a
diverse array of structures, characterized by 2–5 layers of early transition metal
atoms (M elements) linked by 1–4 layers of non-metal atoms (X¼C, N, O).
Additionally, combining multiple M metals within a single structure, having
both in-plane and out-of-plane ordered MXenes or random solid solutions,
including high-entropy MXenes containing 3–5 metals, gives rise to an infinite
number of MXene structures.158 All these various types of MXenes are sum-
marized in Figure 1.15.

MXenes exhibit diverse structural configurations and nomenclature de-
pending on the distribution and ordering of the transition metals within
their lattice. When two different transition metals occupy M sites, forming a
solid solution, the formula is represented as (M0, M00)n11XnTx, with M0 and
M00 denoting different metals, such as (Ti, Nb)2C. The concentration of each
metal is expressed in decimal numbers, exemplified by (Ti0.5, Nb0.5)2C. In
cases where metals exhibit in-plane ordering, forming alternating chains
within the same M layer, the resulting structure is termed i-MXene, with a
formula of the form (M0

4/3M00
2/3)XTx, where metal concentrations are

fractional. i-MXenes often undergo selective etching of M00 atoms, creating
ordered vacancies and leading to a simplified formula of M0

4/3XTx.
159 Add-

itionally, MXenes may display out-of-plane ordering, termed o-MXenes,
where M00 atoms constitute inner layers, and M0 atoms occupy outer layers,
described by formulae of the form (M0

2M00)X2Tx and (M0
2M00

2)X3Tx.
159 Under-

standing the terminology and structural variations of MXenes is crucial for
tailoring their properties for a wide range of applications, including elec-
tronics, catalysis, and energy storage. The MXene system encompasses over a
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thousand stoichiometric compositions, leveraging various transition metals,
carbon, and nitrogen, alongside typical structures and surface terminations.
With solid solutions and diverse terminations, countless 2D materials can
be synthesized. Currently, over 50 MXenes are reported, and this is expected
to double with advancements in computational materials science, facili-
tating tailored synthesis for specific applications.160

1.6.3 Properties of MXenes

1.6.3.1 Electronic Properties

MXenes have a broad spectrum of electronic characteristics, ranging from
topological insulation to semiconductivity and metallic behaviour. This
broad spectrum of features is provided by their flexible control over thick-
ness, myriad surface functionalization possibilities, and a broad span of

Figure 1.15 Schematic illustration of MXene structure.202 Reproduced from
ref. 202, https://doi.org/10.1007/s42247-023-00591-z, under the terms
of the CC BY 4.0 license, https://creativecommons.org/licenses/by/4.0/.
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compositional ranges. Electrical conductivity depends on the defects present
in the MXene structure.161 According to Zhang et al.162 MXenes terminated
with electronegative groups, such as –OH, have practically free electron
states that are parallel to the surface and located outside the surface atoms.
These states provide extremely effective electron transport through trans-
mission channels induced by clustering in areas of maximal positive charge.
Furthermore, their experiments revealed that O-terminated MXenes exhibit
lower electrical conductivity compared to those terminated with F and
OH.162 Investigations employing coherent transport computations utilizing
the non-equilibrium Green’s function (NEGF) approach have revealed that
metallic MXenes demonstrate substantial conductivity, positioning them as
promising candidates for electronic components, such as transistors, cap-
acitors, supercapacitors, electrical sensors, etc.163

While most MXenes retain their metallic properties, M0
2CO2 (M0 ¼Ti, Zr, Hf)

and Sc2CX2 (X¼O, F, OH) are found to be semiconductors, with energy
bandgaps of 0.24, 0.88, 1.0 eV and 1.8, 1.03, 0.45 eV, respectively, estimated
using the general gradient approximation (GGA).164 Sc2C(OH)2 has a direct
bandgap while the others have an indirect bandgap.

Khazaei et al.164 investigated the effect of functionalization on electronic
structures of pristine MXenes to assess the semiconducting nature of the
materials. In pristine Ti2C MXene, the d bands of transition metals dom-
inate, situated above the p bands of carbon and nitrogen, and showcasing
metallic behaviour. Upon functionalization, transition metals donate elec-
trons, shifting the Fermi energy to the gap’s centre, between the d orbitals
and p bands, and promoting semiconducting properties. Figure 1.16a–c
shows the density of states of pristine Ti2C, illustrating its metallic nature,
with Ti d and C p orbitals being prominent. After F adsorption, Ti2C remains
metallic (see Figure 1.16d), with additional bands of F p orbitals added to
existing Ti d orbitals. Conversely, O adsorption induces a downward Fermi
energy shift towards the centre of the bandgap, leading to semiconducting
behaviour, as seen in Figure 1.16e. This electronic restructuring underscores
the pivotal role of functionalization in modulating the electronic properties
of the MXene, influencing its utility in diverse applications.

Chen et al.165 devised a tight binding model using dz2� ; dxy� ; dx2 � y2� or-
bitals on a triangular lattice to assess Mo2MC2O2 (M¼Ti, Zr, or Hf) prop-
erties. These MXenes, featuring dual transition metal elements in an
ordered configuration, exhibit robust quantum spin Hall (QSH) insulator
behaviour. Notably, the atomic SOC strength of M significantly influences
the topological gap (in the range of 0.1–0.2 eV) at the G point, which is large
enough to display QSH effects at room temperature, as depicted in
Figure 1.17. Additionally, such double transition metal MXenes possess
oxygen-covered surfaces, rendering them antioxidative and stable when
exposed to air.165 Reports have also shown that MXenes such as Sc2C(OH)2
can be transformed from a trivial insulator to a topological insulator by
inducing an electrical field amplitude, proving the versatility of this 2D
material.166
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MXenes with partially occupied nearly free electron states, offer low-resistance
pathways, especially under low bias voltages, making them viable for low-power
nanoelectronic devices requiring efficient electron transport.163 First principles

Figure 1.16 (a) DOS of Ti2C and (b) and (c) the DOS on atomic orbitals of Ti and C
atoms, respectively. (d) and (e) DOS of Ti2CF2 and Ti2CO2, respectively.
Fermi energy is at zero. For the semiconductors, it is shifted to the
centre of the gap.164 Reproduced from ref. 164 with permission from
John Wiley & Sons, Copyrightr 2013 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.
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calculations have elucidated that electron conduction in layered Ti3C2T2 (T¼ F,
OH, or O) MXenes is markedly anisotropic due to disparities in the effective
masses of electrons and holes along distinct lattice orientations. This directional
behaviour has been experimentally validated through in situ I–V measurements,
demonstrating that lateral electrical conduction surpasses vertical conduction by
at least an order of magnitude.167 Additionally, investigations have explored the
impact of gas molecule adsorption on electron transport in MXenes. For in-
stance, Ti2CO2 has been investigated as a prospective gas sensor, with NH3

chemisorption with an apparent charge transfer of 0.174e. This responsiveness
to gas adsorption underscores the potential of MXenes as highly discerning and
sensitive gas sensors for various gases, such as O2, N2, NO2, CO2, CO, CH4,
and H2.

168

1.6.3.2 Magnetic Properties

According to spin-polarized density functional computations, many pristine
and functionalized MXenes exhibit non-magnetic ground states due to the
strong covalent bonding between the transition metal and the X element, as
well as the attached chemical groups. However, the covalency of these bonds
can be tuned, leading to the release of d electrons and, as a result, producing
magnetism, even in non-magnetic systems.169 Specific functionalized
MXenes, including Ti2NO2, Cr2NO2, and all Mn2CT2 and Mn2NT2 systems,
have been proposed to demonstrate magnetic moments of up to 3 mB
(potentially displaying such properties at room temperature), making them
ideal for spintronic devices. Furthermore, substantial magnetic moments can
be induced in 2D MXenes through the application of tensile/compressive
strain or the introduction of Cr/Mn elements via doping.170

Certain MXenes, such as M2X (M¼Cr, Mn, Ti and X¼C, N), exhibit in-
trinsic magnetism due to transition metal defects in monolayers or surface

Figure 1.17 Electronic band structure of Mo2HfC2O2 computed (a) without SOC and
(b) including SOC. (c) Edge states connecting the bulk valence and
conduction bands and only touching at the M point.165 Adapted from
ref. 165 with permission from American Chemical Society, Copyright 2016.
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terminations. While Cr2N and Mn2C are antiferromagnetic, others show
ferromagnetic behaviour, as dictated by the electronic states and inter-
actions among the transition metal ions and ligands. According to the
Goodenough–Kanamori rule, antiferromagnetic tendencies arise from ligand-
mediated superexchange interactions,171 while ferromagnetism can stem
from direct exchange interactions or double-exchange interactions promoting
favourable spin alignments. Conversely, localized electron behaviour may
weaken double-exchange interactions, leading to antiferromagnetic behaviour
driven by superexchange interactions.172,173

Recently, magnetic MXenes with half-metallicity have garnered attention
for their unique property of spin-polarized electrons at the Fermi level,
where one spin channel behaves as a metal and the other as a semi-
conductor. While surface functionalization can alter their magnetic and
electronic characteristics, MXenes with Cr and Mn retain their magnetism
even after surface passivation, unlike others. Functional groups (–F, –H,
–OH, or –Cl) can influence their magnetic couplings and electronic struc-
tures, transforming MXenes such as Cr2C from ferromagnetic half-metals to
antiferromagnetic semiconductors, or Cr2N from antiferromagnetic metals
to ferromagnetic half-metals upon surface passivation (with –O).174

1.6.3.3 Optical Properties

The enhanced optical characteristics of MXenes, particularly Ti3C2Tx, are
attributed to the layered structure and favourable electron transport prop-
erties occurring due to the high density of states at the Fermi level. Theo-
retically, the imaginary component of the dielectric function tensor, reveals
insights into the optical properties, such as transmittance, absorption, and
reflection, across various photon wavelengths.175 Ti3C2Tx films exhibit light
absorption within the UV–visible region spanning 300 to 500 nm, while
maintaining high transmittance levels of up to 91.2% for films with a
thickness of 5 nm. Moreover, they have a notable, broad absorption band
typically occurring around 700–800 nm. Importantly, the optimization of
transmittance values is feasible by adjusting both the film thickness and
ion intercalation processes.161,176 It was found that DMSO/hydrazine/urea-
treated Ti3C2Tx has decreased transmittance, while, on the other hand, tet-
ramethyl ammonium hydroxide-intercalated Ti3C2Tx shows increased
transmittance from 74.9 to 92%.177

The analysis by Berdiyoroy et al.178 revealed that at lower photon energies
(E), the terminations induced a decrease in the refractive index (n), while at
higher E values (0.1 eV), n exhibited augmentation. Furthermore, surface
terminations led to a general reduction in extinction coefficient (k) across
most of the photon energy spectrum, as shown in Figure 1.18.

Notably, at significantly higher photon energies (Eo 0.5 eV) the termina-
tions precipitated heightened absorption compared to the pristine MXene.
Moreover, within the ultraviolet segment of the spectrum (5 eVoEo10 eV),
all surface terminations showed greater reflectivity relative to the pristine
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MXene.178 MXenes exhibit photoluminescence (PL) from the formation of a
direct energy bandgap due to the reduction in system size, enabling radiative
electronic transitions. Additionally, MXene nanosheets can induce fluo-
rescence quenching effects, which are utilized in fluorescence resonance
energy transfer (FRET) for molecular imaging.179

1.6.3.4 Plasmonic Properties

Mauchamp et al.180 utilized high-resolution transmission electron energy-
loss spectroscopy (EELS) to demonstrate that the surface plasmon frequency
of Ti3C2 MXene sheets can be adjusted in the mid-infrared range by ma-
nipulating sheet functionalization and thickness.180 Interestingly, the bulk
plasmonic behaviour remains consistent regardless of the number of layers,
making MXenes versatile for photon detection applications, as they need not
strictly be in a single layer.181 The presence of bulk plasmon excitations
appears to be unaffected by the number of MXene sheets stacked together,
possibly due to weak coupling between the Ti3C2Tx sheets.

Notably, various experiments have highlighted the exceptional plasmonic
properties of MXenes. In particular, Ti3C2Tx nanosheets show significant
enhancement factors for surface-enhanced Raman spectroscopy (SERS)
when combined with noble metals, such as Ag, Au, and Pd.182 Moreover,
MXene substrates without noble metals have been fabricated for enhanced
Raman signal detection, which is attributed to interband transitions and
subsequent charge transfer mechanisms. In the context of photodetectors,

Figure 1.18 (a) The refractive index, n, and (b) the extinction coefficient, k, as a
function of photon energy for Ti3C2T2 MXene.178 Adapted from
ref. 178, https://doi.org/10.1063/1.4948799, under the terms of the
CC BY 4.0 license, https://creativecommons.org/licenses/by/4.0/.
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MXenes offer advantages over highly conductive materials, which often
produce high dark currents. Recent studies have demonstrated the potential
of less-conductive MXene (Mo2CTx) as a promising plasmonic photodetector
in the visible light range, achieving high responsivity and detectivity. Surface
plasmon modes in Mo2CTx facilitate efficient hot-electron generation, con-
tributing to its detection mechanism.183

Compared to gold nanomaterials, MXene flakes provide larger surface
areas for molecule adsorption and strong electrostatic interactions due to
their negatively charged surface. The dominant mechanism for MXene SERS
is the chemical mechanism, driven by charge transfer from the MXene to dye
molecules.184 MXenes have demonstrated significant enhancements in de-
tecting various molecules, including organic contaminants, highlighting
their potential in biomedical imaging, environmental analysis, and food
safety monitoring applications.185

1.6.3.5 Mechanical Properties

MXenes are characterized by robust M–N and M–C bonding, making them
mechanically stable materials. This strong bonding is essential for their
structural integrity and determines their mechanical behaviour.186 The atomic
layer count (n) in MXene (Mn11Xn) refers to the number of atomic layers
stacked together in the material’s structure. Generally, an increase in n leads
to a decrease in Young’s modulus, i.e. toughness and durability.186,187

Simulation studies show MXenes possess twice the elastic parameters of
MAX systems and other 2D materials, such as CdS2, indicating high stiff-
ness, which is ideal for structural applications. Despite slightly lower elastic
properties than graphene, MXenes exhibit exceptional bending character-
istics, surpassing graphene, and making them suitable for flexible appli-
cations, such as composites.188,189 Superior interaction with polymeric
matrices enhances mechanical properties, as demonstrated by Ti3C2Tx–PVA
composites, which show a 4.1 times higher tensile strength than Ti3C2Tx due
to strong interfacial interaction.190

Titanium-based MXene disks exhibit hydrophilic behaviour, with contact
angles typically ranging from 25 to 40 degrees,191 making MXenes suitable
for applications where interaction with water or aqueous environments is
necessary, such as in biomedical devices or water purification systems. Ni-
tride-based MXenes tend to have higher Young’s modulus values compared
to carbide MXenes,192 while the latter are known to be mechanically more
stable.193 Interestingly, a relatively uncommon negative Poisson ratio was
anticipated for W2C, suggesting potential uses in advanced technical sectors,
such as in components resistant to fractures in automobiles and aircraft.194

MXenes terminated with –O groups tend to exhibit greater toughness and
decreased critical deformations compared to those terminated with –F and
–OH groups. This suggests that surface functionalization can be used to
tailor MXene properties for specific applications, especially flexible
electronics.195
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Boron doping of MXenes replaces carbon atoms, enhancing both the
mechanical and electronic properties compared to pristine MXenes. This in-
creased strain tolerance is attributed to the weaker bonding between titanium
(Ti) and boron (B) compared to that between Ti and carbon (C). For instance,
boron-doped Ti2CO2 MXene exhibits increased strain tolerance, making it
more resistant to deformation. The introduction of boron alters the electronic
band structure, potentially enhancing electrical performance.196

Theoretical calculations have further supported the notion that Ti2CO2-
based composites can withstand significant strain under both uniaxial and
biaxial tension,197 as shown in Figure 1.19, indicating their potential for use
in high-stress environments, and thus can find applications in aerospace,
automotive, and electronics industries.

1.6.4 Synthesis of MXenes

Synthesis of MXenes can be grouped into two, diverse, top-down and bottom-up
methods.

1.6.4.1 Top-down Methods

1.6.4.1.1 Etching. MXenes are derived from MAX phases by selectively
removing the ‘A’ layers, which are typically group IIIA or IVA elements.
MAX phases consist of 2D layers of early transition metal carbides and/or
nitrides held together by an ‘A’ element. The bonding in MAX phases ex-
hibits a combination of covalent, metallic, and ionic characteristics, with
predominantly metallic M–A bonds. The etching process from MAX to
MXene requires careful control of temperature and etchant reactivity, to
preserve the 2D structure of the Mn11Xn layers.158 During etching, the
newly exposed M element surface undergoes immediate functionalization
facilitated by surface-terminating species from the etchant, which differ
from those in the original MAX phase. These surface terminations,

Figure 1.19 The stress–strain curve of Ti2CO2, and Ti2(C0.5,B0.5)O2 under biaxial
and uniaxial tensile strains along the x and y directions, respect-
ively.196 Reproduced from ref. 196 with permission from American
Physical Society, Copyright 2017.
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emphasized by the MXene formula Mn11XnTx, play a crucial role in de-
fining MXene properties.

The first reported synthesis of MXene in 2011 involved etching Ti3AlC2

MAX phases using 50% HF acid to selectively remove aluminium (Al),
forming Ti3C2. Due to the hazardous nature of HF, safer techniques have
been developed, such as in situ HF preparation preceding the etching pro-
cess or using alternative acid/fluoride salt combinations. Various fluoride
salts can substitute for HF in etchant solutions, enabling the synthesis of
diverse multilayered MXenes under controlled etching conditions. MXenes
produced via the HCl/LiF method readily delaminate into single-layer
nanosheets with unique shapes, while in situ HF etching enriches MXenes
with surface functionalities such as –F, –OH, and –O. However, drying times
are extended due to interlayer water molecule intercalation, and yield con-
straints may arise from unetched MAX phase residues.198

1.6.4.1.2 Electrochemical Etching. The electrochemical etching method
selectively removes the aluminium atomic layer from MAX phases under
specific voltage conditions, yielding MXenes (see Figure 1.20). Researchers
have explored various electrolytes (NaCl, HCl, and HF) and electrode con-
figurations to enhance the etching process and minimize the formation of
undesired carbide-derived carbons (CDCs). Notably, a three-electrode sys-
tem employing 0.6 V etched the MAX phase, utilizing bulk Ti2AlC as the
working electrode. The system consisted of Ag/AgCl as the reference elec-
trode and Pt as the counter electrode, with HCl as the electrolyte. This

Figure 1.20 Electrochemical etching technique for obtaining MXenes.295 Repro-
duced from ref. 295 with permission from the Royal Society of
Chemistry.
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resulted in Ti2CTx MXene formation, with the CDC hindering further etch-
ing. However, challenges include the concurrent formation of CDC layers
alongside MXenes and relatively low yield. To facilitate the production of
MXenes on a large scale, endeavours to tackle these challenges involve op-
timizing the compositions of electrolytes and investigating intercalation
techniques.199

1.6.4.1.3 Mechanical Exfoliation. Mechanical exfoliation involves mech-
anically separating (peeling or rubbing) material layers from a bulk sub-
strate. This technique extracts 2D flakes from 3D MAX phase crystals.
Theoretically, the varying strengths of bonding permit breaking metal (M)
and A (usually aluminium or silicon) layer bonds under tensile stress.200

Recently, Gkountaras et al. experimentally validated this theoretical under-
standing. They employed the adhesive tape method to mechanically exfoli-
ate four MAX phase single crystals, producing MXene flakes as thin as half
a unit cell. Remarkably, even chemically non-etchable MAX phase crystals,
such as Cr2AlC, Ti2SnC, and Mo4Ce4Al7C3, were successfully exfoliated.201

1.6.4.1.4 Intercalation. Intercalation plays a crucial role in the synthesis
and processing of MXenes, facilitating the separation of MXene layers and
widening the interlayer spacing. By introducing intercalation materials be-
tween the layers of MXenes, the bonds between the layers are weakened,
allowing for easier delamination, by increasing the interlayer spacing, into
individual 2D sheets. This process is essential for obtaining functional
and processable MXene sheets that are electrically stabilized and free from
clumping or aggregation.202

Dimethyl sulfoxide (DMSO), for instance, was one of the initial inter-
calants used to expand spacing between layers in Ti3C2Tx MXene synthesized
with fluorine-based salts.203 Tetraalkylammonium hydroxides (TBAOH and
TMAOH) are another group of compounds utilized to exfoliate layered ox-
ides, leading to delamination and expansion through ion exchange.204 Cat-
ions such as Na1, Li1, K1, Mg21, NH41, and Al31 can be intercalated into
MXene layers, widening the interlayer spacing. Additionally, polar organic
molecules of different sizes can also be intercalated, further increasing the
interlayer spacing.205 For example, when Ti3C2Tx is intercalated with hy-
drazine, its lattice parameter increases from 19.5 Å to 25 Å.206 Techniques
such as ultrasonication are utilized to blend the intercalant into MXene
sheets, determining the size and concentration of the resulting flakes.202

1.6.4.2 Bottom-up Synthesis

1.6.4.2.1 Urea Glass Method. The urea glass method synthesizes MXene
materials from metal precursors such as metal chlorides (e.g. MoCl5). The
process involves mixing the precursor with ethanol to form metal ortho-
esters, and then adding solid urea as a nitrogen source. After complete
dissolution, the mixture undergoes calcination around 800 1C in an
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inert atmosphere to form MXene layers, yielding silvery black granules
(e.g. Mo2C/Mo2N).

207

1.6.4.2.2 Chemical Vapor Deposition. The CVD process, depicted in
Figure 1.21, involves depositing thin films from vapor onto a substrate
surface. For instance, Xu et al.208 used Cu and Mo foils with methane gas
as the carbon source. The substrate is heated to temperatures exceeding
the melting point of the metal components (1085 1C), allowing metal
atoms to diffuse and react with carbon atoms, and forming MXenes, such
as orthorhombic a-Mo2C.

208 The thickness and lateral size of the MXene
crystals can be adjusted by varying the concentration of methane or other
precursor gases used during the CVD process. Additionally, hetero-
structures like Mo2C/graphene have been fabricated using CVD, and show
enhanced performance compared to pure Mo2C electrodes.209,210 Transi-
tion metals, such as tungsten and tantalum, have also been employed to
synthesize ultrathin crystals of tungsten carbide (WC) and tantalum car-
bide (TaC) via CVD.208 Although CVD-grown materials offer advantages,
such as large size and fewer defects, the high fabrication costs limit their
widespread commercialization.

1.6.4.2.3 Plasma-enhanced Pulsed Laser Deposition. Pulsed laser de-
position (PLD) offers a bottom-up approach for synthesizing ultrathin 2D
layered films, such as complex oxides, and presents advantages over con-
ventional methods, such as CVD. Plasma-enhanced PLD (PEPLD) enhances
film formation by incorporating a plasma source that interacts with laser-
ablated material, facilitating new film formation or modified layer de-
position. Energetic ions in the plasma improve deposition rates and film
quality.

Zhang et al.211 reported the PEPLD process for fabricating large-area, high-
quality 2D, face-centred cubic (FCC)-structured Mo2C crystals on a sapphire
(0001) substrate. They found that ionized CH4 plasma plays a crucial role in
depositing 2D FCC-structured Mo2C crystals, as no Mo2C was deposited

Figure 1.21 CVD process for the synthesis of MXenes.296 Reproduced from ref. 296
with permission from Springer Nature, Copyright 2015.
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without ionized CH4 plasma. The thickness of the Mo2C film could be tuned
from 2 to 25 nm by adjusting parameters. The crystal quality degraded with
decreased deposition temperature, but films grown at 700 1C exhibited high-
quality single crystals.212

1.6.4.2.4 Spray Coating. In 2016, a new method was introduced util-
izing spray coating of a colloidal delaminated Ti3C2Tx suspension to
create transparent, conductive films with a consistent concentration of
3.0 mgmL�1 on large substrates at room temperature.177 Additionally,
flexible substrates, such as polyester layers, showed promise for pro-
ducing transparent Ti3C2Tx thin films via spray coating, retaining their
integrity even after minor bending. These Ti3C2Tx films displayed su-
perior optoelectronic properties compared to solution-processed trans-
parent graphene films, suggesting their potential for applications in
transparent conductors for electronic devices, sensors, and electro-
chromic applications.202

1.6.5 Applications of MXenes

1.6.5.1 Adsorption of Pollutants

The narrow interlayer gap (o2 Å) makes MXene nanosheets well suited for
capturing heavy metal ions present in industrial effluent, and is further
enhanced by surface-functionalized characteristics.213 Titanium-based
MXenes, particularly Ti3C2Tx nanosheets, have shown efficacy in removing
both reduced Cr(III) ions and Cr(VI) ions through reduction-adsorption
mechanisms.214 Functionalized MXene nanocomposites have effectively
removed various heavy metal ions through adsorption, offering potential
solutions for water purification challenges. Ti3C2Tx MXene-based films
also exhibit capabilities in eliminating Au(III), Pd(II), Ag(I), and Cr(VI) ions,
with the potential for reuse after cleaning with HCl and NaOH
solutions.215

MXenes have emerged as highly effective adsorbents for detoxifying nu-
clear waste, particularly in adsorbing Cs(I), Th(IV), and U(VI).216 Experimental
results and theoretical predictions using DFT calculations have demon-
strated the efficient removal of U(VI) ions by V2C(OH)2 nanosheets.217

Wang et al.218 developed DMSO-intercalated Ti3C2Tx nanosheets, signifi-
cantly increasing the uranium ion adsorption capacity due to hydration and
intercalation stimulation.

Recent studies by Meng et al.219 and Wu et al.220 have demonstrated the
potential of MXene-based materials in effectively removing organic pollu-
tants. The potential of Ti2C3Tx MXene in effectively removing organic com-
ponents, such as phenol and other pharmaceutical components, in specific
pH conditions was demonstrated by Wu et al.220 and Kim et al.,221 respect-
ively. Additionally, Ti3C2TxMXene showed significant promise in adsorbing
dyes.222,223
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1.6.5.2 Photocatalytic Hydrogen Evolution Reaction

TiO2 is a widely studied semiconductor for photocatalytic hydrogen evo-
lution, and is valued for its abundance and effectiveness. However, its pure
form has limitations such as low light utilization and rapid carrier re-
combination.224 To address this, Li et al. developed Ti3C2–TiO2 nanoflowers,
enhancing the reaction with optimal hydrogen and oxygen production
rates.225 MXenes, including Nb2CTx, have been combined with metal oxides,
like Nb2O5, to improve photocatalytic efficiency.226 Metal doping strategies,
such as Cu/TiO2@Ti3C2Tx, have also been utilized to enhance TiO2 catalytic
activity by enabling the photoinduced reduction of Cu2O to Cu.227 In the
Ti3C2@TiO2@MoS2 system, 2D Ti3C2 MXene and MoS2 nanosheets served as
electron mediators, forming heterojunctions that enhanced the photo-
catalytic activity by facilitating effective electron migration and increasing
the surface area and water adsorption capability.228

Metal sulfides, such as CdS, ZnS, and In2S3, play a vital role in photo-
catalysis due to their band positions and visible light responsiveness.
However, challenges, such as carrier recombination and photocorrosion,
limit their efficacy. To overcome these obstacles for enhancing hydrogen
generation, researchers have created multidimensional heterojunction
photocatalysts by integrating CdS nanorods with Ti3C2 MXene nano-
sheets.229 Theoretical calculations show that O-terminated Ti3C2 demon-
strates superior photocatalytic activity, attributable to its high Fermi levels
(1.8 eV).230 Ternary composites, such as Zn2In2S5/Ti3C2(O, OH)x and
CdLa2S4/Ti3C2, exhibit enhanced photocatalytic properties due to strong
interfacial interactions.231,232 Additionally, exfoliated 2D Mo2C MXene acts
as a cocatalyst, enhancing H2 production rates through rapid charge transfer
and active site provision.233

Figure 1.22 depicts the mechanistic path for hydrogen generation on
Ti2C/g-C3N4 photocatalyst. The coupling of the 2D g-C3N4 semiconductor

Figure 1.22 Mechanistic strategy for photocatalytic H2 evolution using Ti2C
cocatalyst and g-C3N4 nanosheets.234 Reproduced from ref. 234 with
permission from the Royal Society of Chemistry.
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and metallic Ti2C as a cocatalyst enhances charge separation and electron
transport to the metallic Ti2C material, resulting in substantial charge buildup
and a negative shift of the Ti2C Fermi level. Furthermore, the Fermi level of
Ti2C/g-C3N4 composites is closer to the conduction band of g-C3N4, implying
that electrons accumulate on the Ti2C/g-C3N4 interface, which is directly con-
nected to the improved photocatalytic hydrogen evolution.234 A Schottky junc-
tion combining 2D Ti3C2 MXene with O-doped g-C3N4 was also utilized in the
photocatalytic-based HER. This composite exhibited nearly a doubled hydrogen
evolution rate (25 124 mmolg�1 h�1) compared to pristine O-doped g-C3N4

(13745 mmolg�1h�1) and Ti3C2 MXene/pristine g-C3N4 (15573 mmolg�1h�1).
The enhanced performance was attributed to the synergistic effect of the in-
timate 2D/2D interfacial contact and the formation of the Schottky junction,
which facilitated shorter charge transport distances and efficient separation of
photogenerated charges.235

1.6.5.3 Photocatalytic CO2 Reduction

Photocatalytic CO2 reduction has emerged as a crucial area of research to
combat the greenhouse effect and energy shortages. Recent investigations
propose MXenes as potential cocatalysts for photocatalytic CO2 reduction
due to their remarkable physicochemical properties.236 Among MXenes,
Ti3C2Tx stands out for its superior performance as a cocatalyst in CO2 re-
duction, surpassing graphene and noble metals. Ti3C2Tx facilitates fast
separation of photogenerated charge carriers, leading to high photoconver-
sion efficiencies. Additionally, Ti3C2Tx offers a large surface area, active
adsorption sites, and good interface contact for efficient charge carrier
separation. The presence of various terminal functional groups further en-
hances its catalytic activity.

Studies have shown that the surface-alkalized Ti3C2–OH/ZnO composite
exhibits enhanced CO2 reduction rates, with promising results achieved in
generating organic products, such as CO (30.30 mmol g�1 h�1) and CH4

(20.33 mmol g�1 h�1).237 Li et al.238 synthesized g-C3N4/MXene (MCT) for ef-
ficient photocatalytic CO2 reduction. The mesoporous structure of g-C3N4

facilitated gas molecule adsorption due to its large surface area, while en-
hanced contact between Ti3C2Tx and mesoporous g-C3N4 led to improved
charge separation, resulting in the generation of various organic products,
with CO and CH4 as the dominant products. Mesoporous MCT exhibited
2.4 times more CH4 production than mesoporous g-C3N4 (MC), indicating its
excellent selectivity and activity.238

1.6.5.4 Energy Storage

MXenes have garnered attention as promising materials for electrodes in
various types of ion batteries due to their high electrical conductivity and ion
diffusion properties. Monolayers (ML) of Ti3C2Tz have shown a capacity of
approximately 150 mAhg–1 at 260 mAg–1 in lithium-ion (LIBs)239 and
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100 mAhg–1 at 100 mA g–1 in sodium-ion batteries (SIBs).240 However,
electrodes made from single-layered flakes, which have greater exposure to
the electrolyte, are expected to exhibit even higher capacities. NaOH-treated
MXene flakes showed capacities of about 180 mAhg�1 (acid-treated)239 and
230 mAhg�1 (base-treated)240 in SIBs. Ren and Xie’s method involved vac-
uum filtering films made of porous Ti3C2Tz flakes and carbon nanotube
spacers, yielding electrodes with a capacity of 700 mAhg�1, nearly four times
higher than the monolayer counterparts.241 MXenes also demonstrate ex-
cellent performance in supercapacitors, primarily utilizing pseudocapaci-
tance from surface redox reactions. MXenes exhibit high volumetric and
gravimetric capacitances, surpassing traditional materials, such as RuO2

and activated carbon. Lukatskaya et al.242 reported that Ti3C2 in a micro-
porous architecture showed exceptional capacitance of 300 F g�1 at low
scan rates, highlighting the significant potential of MXenes in energy
storage applications.

1.7 Transition Metal Oxides
As mentioned in the previous sections, there are a plethora of 2D materials
that have been targeted recently for energy transition, and TMOs are an
interesting example of such materials. To understand why TMOs seem to be
perfect tailor-made materials, it is worth digressing to provide an overview of
the electrochemical OER in water and the mechanism of ion storage in
batteries and supercapacitors. This digression aims at making a case for
TMOs as promising candidates for energy conversion and storage appli-
cations, and describes what makes these 2D materials particularly inter-
esting and preferred against their bulk counterparts. Hydrogen stands out as
a promising energy carrier and has limitless potential to change the
manufacturing, logistics, power, and chemical industries. Most current
hydrogen needs are fulfilled through methane steam reforming, dry me-
thane reforming, reverse water gas shift reaction, and green hydrogen, which
accounts for a much smaller percentage.

As of 2015, hydrogen production through green routes represented only
4% of the global hydrogen needs, which is expected to grow to 22% by
2050.243 However, there are some major issues related to scaling up the
electrolysis process. One of the prime bottlenecks is the slow oxygen evo-
lution reaction (OER); such a sluggish process is also found in rechargeable
metal–air batteries. Therefore, it makes perfect sense to synthesize a catalyst
that can boost the OER. Understanding the mechanism of the OER is vital to
understand which materials have shown great results and how well TMOs
work. There are two generally proposed mechanisms for the OER in alkaline
conditions: (1) the adsorbate evolution mechanism (AEM) and (2) the lattice
oxygen evolution mechanism (LOEM). In the AEM, the reaction is initiated
by adsorption of OH� ion onto the active metal site, which results in M–OH,
followed by H1 and e� removal to form M–O; this species then reacts again
with OH� ion, forming M–OOH, which in turn reacts with another OH� to
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regenerate the active site and produce O2 and H2O. The LOEM mechanism
suggests the direct involvement of oxides. In contrast to the AEM, lattice
oxygen in the TMO catalyst plays a direct role in the reaction as it evolves
during the reaction, resulting in oxygen vacancies, which are filled by OH�

from the electrolyte and, after subsequent deprotonation, the catalyst is
regenerated244 (see Figure 1.23 for consolidated reaction schemes). It is
evident from the LOEM mechanism that oxides play a huge role in the OER.
For further reading on the OER and other materials that are suitable for it,
we direct our readers to these great resources in ref. 245 and 246.

For metal-ion batteries, 2D-layered TMO materials are favoured due to
their large interlayer spacing, facilitating repeated ionic intercalation/dein-
tercalation of ions between the cathode and anode. This directly results in
long life cycles and also expands the possibilities of storage of intercalates
with larger ionic radii. This allows us to explore battery chemistries beyond
that of Li-ion technology. Additionally, TMOs offer excellent chemical and
mechanical stability, facilitating longer charging/discharging cycles with
minimal volume expansion, ensuring safety by preventing any possible
hazardous incident.247

While there are many possible permutations of TMOs, such as per-
ovskite oxides (ABO3), spinel oxides (AB2O4), Ruddlesden–Popper oxides
(An11BnO3n11), etc., which exhibit properties different from their bulk
counterparts and giving rise to intriguing characteristics, our main focus
in this section will be binary oxides (AxOy). Although there has been
monumental progress in this field, it has been observed that 2D TMOs are
overlooked compared to other members of the family of 2D materials. In
the following sections, we briefly explain the structure and electronic
properties of 2D layered TMOs (binary oxides). Although TMOs are pla-
gued with issues of poor electronic conductivity,248 in subsequent sections
we have attempted to discuss some interesting strategies to increase their

Figure 1.23 Mechanisms of the OER. (A) The mechanism of AEM and (B) the
mechanism of LOM in alkaline water electrolysis.244 Reproduced from
ref. 244 with permission from John Wiley & Sons, Copyright r 2022
Battelle Memorial Institute. Advanced Functional Materials published
by Wiley-VCH GmbH.
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conductivity that are incorporated automatically into their synthesis
routes, and we also discuss the outcomes of the strategies employed .

1.7.1 Crystal Structure of 2D Layered TMOs

In the 2D sheet-like structure of TMOs, the in-plane atoms consisting of
transition metal (M) and oxygen (O) are connected to each other by a co-
valent bond (M–O–M), and such layers are held together by vdW forces.
Transition metals exhibit a large number of oxidation states, on complete or
partial filling of the d orbitals, and hence a change in the structure of the
materials, such as in vanadium oxide, which exists in four main states: VO,
V2O3, VO2, and V2O5.

249

Furthermore, TMOs exist in various polymorphs. For example, titanium
oxide (TiO2) has three primary polymorphs: anatase, rutile, and brookite.
Tungsten trioxide (WO3) and manganese dioxide (MnO2) exist in six different
crystal phase, and V2O5 itself exists in four diverse crystal phases, which are
interchangeable with temperature.248 Therefore, we limit ourselves to dis-
cussing 2D materials that are important for energy storage devices and
catalysis, such as V2O5, MnO2, MoO3, and TiO2. Binary TMOs, such as V2O5

and MoO3, naturally have a layered crystal structure that can be exfoliated to
obtain a 2D structure. As depicted in Figure 1.24, each layer of orthorhombic
V2O5 comprises a VO5 square pyramid configuration, which shares sides and
corners, and the layers of VO5 are held by weak vdW forces,250 and in those
layers vanadium and oxygen atoms share a covalent bond. MnO2, as already
mentioned, has a diverse set of structures, which depend on the connectivity
between MnO6 octahedra units via sides and corners.251 Among these,

Figure 1.24 (a) Crystal structure of V2O5. (b) The square pyramid VO5 configur-
ation, which is the building unit of V2O5.
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d-MnO2 (birnessite), as shown in Figure 1.25, is widely used for energy
storage applications, owing to its interlayer space, which can accommodate
ions such as Li1, Zn21, and Al31. In contrast, its non-layered counterparts,
such as a-MnO2, show extraordinary activity for the OER.

a-MoO3 is the layered polymorph of MoO3 and consists of distorted edge-
shared MoO6 octahedral units252 (see Figure 1.26). Recently, hexagonal
(h) phase TiO2, MnO, Ni2O3, etc. (Figure 1.27) have been synthesized, and,
specifically, mono- and multilayered h-TiO2 has received more attention. It
was reported that h-TiO2 has a structure similar to MoS2, with an interlayer
spacing of 0.59 nm (from the Ti to Ti distance). High-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM) imaging
and DFT calculations showed that the monolayers were stacked in an ‘AbA’
order, but, surprisingly, the trilayer was stacked in an AA0b configuration.253

1.7.2 Optical and Electronic Properties of TMOs

Quantum confinement in 2D layered structures gives rise to interesting
electronic and optical properties compared to the bulk counterparts, which
can be successfully employed for various applications. For example, bandgap
widening (41 eV) was noticed in thin SnO,254 whose bulk counterpart has an
indirect bandgap ofB0.7 eV and a direct bandgap ofB2.7 eV. Interestingly,
narrowing of the bandgap was observed in the h-TiO2 2D layered material;253

Figure 1.28 shows TiO2 nanosheets as observed by UV–visible spectroscopy

Figure 1.25 (a) Crystal structure of d-MnO2 (birnessite) and (b) the octahedral
MnO6 unit, which is the building unit of d-MnO2.
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with their thin dimensions compared to their bulk counterparts. Similarly,
the bandgaps of mono-, bi-, and trilayered h-TiO2 were found to be 2.35, 2.0,
and 1.85 eV, respectively, which is less than for anatase (3.2 eV) and rutile
(3.0 eV) structures. It has been demonstrated that heteroatom doping has an
effect on the lattice structure that gives rise to enhanced electronic and
electrochemical properties; similarly to that discussed in the synthesis
section.

Figure 1.26 (a) Crystal structure of a-MoO3 and (b) the distorted octahedral MoO6
unit, which is the building unit of a-MoO3

Figure 1.27 Schematic depiction of the monolayer of h-TiO2.
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1.7.3 Synthesis Routes

Initially, we started by discussing the fact that TMOs fall short in their
electronic conductivity; it is particularly vital for materials to have high
electronic conductivity when the aim is to use them for energy conversion
and energy storage applications. While several strategies are in place to
increase the conductivity significantly, it is particularly interesting to
discuss these strategies simultaneously with the synthesis techniques.
Moreover, tuning the structure while inducing defects can produce more
redox-active sites and can simultaneously increase the conductivity. In-
trinsically, one can achieve higher conductivity by surface engineering in
various ways: (1) inducing metal/oxygen vacancies; (2) initiating lattice
strain; (3) introducing heteroatoms into the lattice of the parent structure;
and (4) by doping in between the layers. Extrinsically, the conductivity can
be increased by hybridization with other conductive materials, such as
allotropes of carbon and other 2D TMOs.248 The synthesis techniques have
mainly incorporated these strategies and are discussed in the following
sections.

1.7.3.1 Exfoliation

As mentioned previously, synthesizing 2D materials through the Scotch tape
method and transferring them to a Si/SiO substrate is a painstakingly dif-
ficult task. Not to mention the fact that controlling the lateral dimensions
and thickness of the obtained sheets is even more difficult and unpredict-
able. Therefore, exploring other reasonable and scalable synthesis methods,
such as mechanical force-assisted, chemical, and electrochemical exfoli-
ation, is essential. Mechanical exfoliation can be achieved in a batch reactor
or a continuous stirred tank (CSTR) reactor employing a high-shear impeller
and solvents such as N-methyl-2-pyrrolidone (NMP). Work reported by Hua
et al.255 (see Figure 1.29) highlighted the use of a CSTR for shape-controlled
synthesis of layered LiNi1/3Co1/3Mn1/3O2 and Li1.2Ni0.2Mn0.6O2 materials;
and this is an interesting method owing to its ease of scalability. It opens the

Figure 1.28 Bandgap of (a) monolayer h-TiO2, (b) bilayer h-TiO2, and (c) trilayer
h-TiO2.

253 Reproduced from ref. 253 with permission from Springer Nature,
Copyright 2021.
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door for large-scale commercial synthesis of other 2D layered materials, as
mentioned previously.

As discussed, Zhang et al.253 synthesized hexagonal (h)-phase layered oxides
of transition metals, lanthanides, and metalloids. The authors used machine
polishing to incorporate nano-level roughness on the metal surface. Following
this the metal was placed in a controlled environment for the growth of
layered oxide, where the oxygen concentration was adjusted in a way that
aligned with the chemisorption energy of the metal. The exfoliated material
was subsequently transferred to a Si/SiO2 substrate. Another method for the
synthesis of layered TMOs is the utilization of ultrasound. This is usually used
in conjunction with liquid-phase exfoliation, where the ultrasound is used to
generate a large number of cavitation bubbles, which, upon implosion, release
a huge amount of energy to break the vdW forces existing between the layers,
thus leading to the formation of 2D nanosheets. Ultrasound can be generated
using an ultrasonic horn (probe sonicator), ultrasonic bath, or a combination
of both, to achieve the desired results. Recently, Hanlon et al.256 used the
above ultrasound technique to fabricate nanosheets of MoO3, and Tan et al.257

employed the same strategy to realize V2O5 nanosheets.
Various other strategies, such as ion intercalation and exchange-assisted

exfoliation, can be employed in liquid-phase exfoliation in conjunction with
ultrasound. Depending on the material, there can be a strong interaction
between the atomic layers, where ultrasound alone is not enough for facile
exfoliation. Hence, additional chemical energy is often required to overcome
the strong forces that bind these layers electrostatically. The underlying
principle in ion intercalation-assisted exfoliation is the insertion of large
molecules into the bulk of the material, thus weakening vdW bonds and
causing subsequent layer separation. Rui et al.258 reported the synthesis of
ultrathin V2O5 nanosheets using this ion-intercalated exfoliation technique.
Direct exfoliation of bulk V2O5 was achieved in a formamide solvent,
as illustrated in Figure 1.30. Here, the formamide solvent is adsorbed into
the interlayer space, decreasing the vdW forces. Then, exfoliation is pro-
moted via ultrasonication, leading to the formation of V2O5 nanosheets.

Figure 1.29 Schematic representation of high shear exfoliation in a CSTR.255

Reproduced from ref. 255 with permission from the Royal Society of
Chemistry.
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They achieved a few layers of V2O5 nanosheets with thicknesses ranging
from 2.1 to 3.8 nm and lateral dimensions of 100 to 400 nm. These nano-
sheets exhibited outstanding electrochemical results; for example, an energy
density of 158 Whkg�1 at a charge and discharge rate of 50C was achieved
when used as a cathode material in LIBs.

1.7.3.2 Hydrothermal Route

Generally, this route is called “hydrothermal” when water is used as a
solvent, and when a non-aqueous solvent is involved it is called “sol-
vothermal”. The desired results, such as well-defined morphology and lateral
size, can be obtained by regulating the reaction parameters, such as tem-
perature and precursor concentration.

Initially, metal salts are used as precursors; they are mixed well in the
solvent of choice and are transferred to a Teflon-lined stainless-steel auto-
clave reactor. Subsequently, the reactor is placed in a hot-air oven, and an
appropriate temperature is maintained for a certain period (generally 6–24 h).
After heating, the reactor is allowed to cool down naturally to room tem-
perature, and subsequently the precipitates are ultracentrifuged and washed
thoroughly with deionized water and ethanol to remove any undesired con-
taminants. The samples are then dried in a hot-air oven and calcined to obtain
the final product.

A variation of the above method using a capping agent was used by
Tan et al.259 to synthesize TiO2 nanosheets using tetramethylammonium
hydroxide (TMAH) as a capping agent during the hydrothermal process. It
was found that TMAH intercalation was the reason for the formation of
nanosheets as the reaction time increased. In addition, a surfactant can
also be used in the hydrothermal synthetic technique to obtain 2D nano-
sheets with the preferred dimensions required for energy storage
applications.

Figure 1.30 Depiction of exfoliation of bulk V2O5 using formamide solution.258

Reproduced from ref. 258 with permission from the Royal Society of
Chemistry.
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Zhang et al.260 have reported the effects of heteroatom incorporation in
binary TMO sheets. They successfully synthesized Fe-doped WO3, which
showed a decreased bandgap and exhibited enhanced photoelectrochemical
(PEC) performance. The reasons for this were: (1) hybridization within Fe 3d,
W 5d, and O 2p orbitals, which led to a downshift in the conduction band
by 0.1 eV, owing to interaction of Fe 3d and W 5d; (2) an upshift in the
valence band by 0.16 eV brought about by Fe 3d and O 2p interaction,
with the combined effect of both the upshift and downshift resulting in a
bandgap decrease (see Figure 1.31); and (3) finally, the formation of oxygen
vacancies due to Fe doping, with the charge carrier concentration showing
an increase from 3.3� 1019 cm�3 for undoped WO3 to 5.6� 1021 cm�3 for 2%
Fe-doped WO3.

Similarly, Zhang et al.261 investigated the effects of heteroatom incorpor-
ation in MoO3, and they developed a facile hydrothermal synthesis route for
H atom intercalation. Although the authors did not use it for energy appli-
cations, this study provided a very good idea for H injection. The study
highlights that the increase in H1 ions resulted in greater exfoliation of
MoO3 from the parent structure and eventually formed a 2D nanodisk
structure with three different compositions: (1) H0.3MoO3, (2) H0.91MoO3,

Figure 1.31 (a) The bandgap of pristine WO3 and (b) the decrease in bandgap of
the W-doped WO3. Comparison of the partial density of states (PDOS)
of (c) undoped WO3 and (d) Fe-doped WO3.

260 Adapted from ref. 260
with permission from the Royal Society of Chemistry.
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and (3) H1.55MoO3. They found a change in band structure with hydrogen
incorporation, which led to an increase in the Fermi level. They also noted a
transition from semiconductor to metal-like behaviour as the oxidation state
of Mo reduced from þ6 to þ5 and þ4 oxidation states, which caused single
and double filling of Mo 4d orbitals. Interestingly, there was an increase in
the free electron concentration from 5.82� 1021 per cm3 for H0.3MoO3 to
1.77� 1022 per cm3 for H0.91MoO3 and to 3.01� 1022 per cm3 for H1.55MoO3.
Additionally, Ju et al.262 evaluated the performance of HxMoO3 as an anode
in lithium-ion batteries following a similar hydrothermal procedure for the
synthesis of 2D HxMoO3. It was found that H0.28MoO3 nanobelts exhibited
an excellent specific capacity of 920 mAhg�1 and maintained a capacity of
550 mAhg�1 after 450 cycles at 1 A g�1. Another study on H-doped MoO3 was
conducted by Zou et al.263 Although synthesized using an exfoliation tech-
nique, they also showed that H incorporation actually increases the free
electron concentration and reduces the bandgap (reduced by 0.2 eV), which
potentially opens up this material for various energy applications, such as
photocatalytic hydrogen production, electrochemical OER, etc.

Shei et al.264 fabricated an asymmetric capacitor using La-doped MoO3

and V2O5@graphene nanosheets as cathode and anode, respectively. These
nanosheets were obtained using a hydrothermal technique. Here, hetero-
atom (La) doping decreases the bandgap of pristine MoO3 from 2.48 eV to
1.91 eV, thus increasing its electronic conductivity. Further electrochemical
studies showed that La-doped MoO3 has an excellent specific capacitance of
605 F g�1 compared to its pristine counterpart, which is just 116.5 F g�1. As
for V2O5 on graphene nanosheets, it too exhibited a high specific capaci-
tance of 630.8 F g�1 compared to its pristine counterpart, which showed a
value of 270.8 F g�1 at the same current density. The authors used both
materials to conduct a complete cell study; their studies found that the
device has a very high energy density of 123 Whg�1 and a power density of
1000 Wkg�1, and, even after 6000 charging-discharging cycles, the capaci-
tance was found to be 95.4% of the initial value. You et al.265 also investi-
gated V2O5 nanosheets assembled on carbon fiber felt as a flexible electrode
material for asymmetric supercapacitors (a hybrid of both batteries and
supercapacitors). The composite exhibited a fairly high capacitance of
492 F g�1 and an energy density of 0.928 mWhcm�3, and the material re-
tained 89.7% of its initial capability even after 6000 charging-discharging
cycles. Song et al.266 synthesized a Co3O4/rGO 2D/2D sheet/sheet nano-
composite using a hydrothermal method and used it as an electrode material
for a supercapacitor. This composite exhibited enhanced electrochemical
performance due to its higher specific surface area, providing a propensity for
exalted storage of ions (insertion/extraction).

1.7.3.3 Self-assembly

Self-assembly is generally a process in which molecules spontaneously
arrange themselves in an ordered structure. It is one of the most scalable
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methods to synthesize 2D nanosheets. This method is particularly inter-
esting as it is often combined with other strategies that have possible
drawbacks for producing nanosheets. This technique is usually used for the
growth of nanosheets along a desired direction. The general strategy is to
employ a surfactant to assist in the assembly, and subsequently to remove
the surfactant to achieve ultrathin sheets. Several ultrathin TMOs were
synthesized, as demonstrated by Sun et al.,267 using a combination of
polyethylene oxide–polypropylene oxide–polyethylene oxide (PEO20–PPO70–
PEO20, Pluronic P123) and ethylene glycol (EG) to facilitate self-assembly
of transition metal precursors, which resided inside the inverse lamellar
micelles, thereby assisting in the formation of TMO layers, as shown in
Figure 1.32. The reported role of P123 was to restrict the agglomeration of
TMOs, and EG acted as both a co-solvent and co-surfactant, which enabled
inverse micelle formation and caused effective separation, leading to the
formation of nanosheets.

1.8 Hexagonal Boron Nitride
Boron nitride (BN) is a layered compound that is isoelectronic and iso-
structural with graphite. BN exits both in amorphous (a-BN) and crystalline
structures. The various predominant crystalline structures of BN are cubic
boron nitride (c-BN), wurtzite boron nitride (w-BN), and h-BN, as shown in
Figure 1.33. Among these, h-BN displays a crystal structure akin to that of
graphite.

Figure 1.32 Schematic representation of the assembly of 2D TMO NS via sur-
factant-assisted molecular assembly in the liquid phase.267 Repro-
duced from ref. 267 with permission from Springer Nature, Copyright
2014.
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1.8.1 Structure of 2D h-BN

Hexagonal boron nitride is a white powder, in which all the boron and ni-
trogen atoms are covalently bonded to each other to form 2D monolayers,
and these layers are held together by vdW forces, as shown in Figure 1.34a.
The B–N bond length is 0.145 nm, the distance between two centre points of
adjacent hexagonal rings is 0.25 nm, and the interplanar distance is
0.333 nm, as shown in Figure 1.34a. To satisfy the polar–polar interactions,
2D layers of h-BN layers are stacked in an AA stacking configuration, where B
and N atoms of hexagonal rings are superimposed alternately located along
the c axis, as shown in Figure 1.34b. In contrast, graphite has an AB stacking
sequence, where every second alternative layer is shifted in such a way that

Figure 1.33 Crystal structures of (A) cubic, (B) wurtzite, and (C) hexagonal BN.297

Reproduced from ref. 297 with permission from John Wiley & Sons,
Copyright r 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Figure 1.34 (a) The structure of h-BN nanosheets. (b) The lattice of h-BN with an
AAA stacking, in which the boron and nitrogen atoms are stacked on
each other alternately.
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carbon atoms in the B layer are exactly above the centre of the hexagonal ring
of the A layer, as shown in Figure 1.34a.268,269

1.8.2 Properties of h-BN

Hexagonal BN exhibits excellent characteristics of electrical insulation, op-
tical, thermal, and mechanical properties. These properties make 2D h-BN a
promising candidate for many applications. The most important properties
of 2D h-BN are discussed briefly here.

1.8.2.1 Electronic Properties of h-BN

h-BN is an insulator with a wide bandgap ofB6 eV due to the large elec-
tronegativity difference between B and N. As a result, it frequently finds
application as a tunnelling dielectric barrier in 2D electronic devices.270

1.8.2.2 Mechanical Properties

The Young’smodulus of single-layer h-BN estimated by DFT is 0.716–0.977 TPa.271

The experimental Young’s modulus value varies due to changes in the
morphology, the number of layers, and defects. Falin et al.272 measured the
Young’s modulus of graphene and h-BN with increasing numbers of layers,
from 1 to 8, using atomic force microscopy. They found that the Young’s
modulus reduced slightly (1.026 to 0.942 TPa) for graphene and did not
change (0.865 TPa) for h-BN with increasing numbers of layers.

1.8.2.3 Thermal Properties

The strong bond between B and N in h-BN makes it a thermally stable
material at high temperatures. Most importantly, it decomposes at 1000 1C
in air, at 1400 1C in vacuum, and at 2800 1C in an inert atmosphere.273,274

The in-planar and bulk thermal conductivities estimated by Zhang et al.275

are 600 Wm�1 K�1 and 400 Wm�1 K�1, respectively. Due to its stability at
high temperatures and low thermal conductivity, h-BN can be used as an
effective insulating material.

1.8.3 Applications of h-BN

1.8.3.1 Substrates for Graphene Electronics

Generally, graphene-based devices, such as photodetectors, solar cells, etc.,
are fabricated using silica (SiO2) as the substrate material. However, de-
position of graphene on the SiO2 substrate causes some restrictions on the
architecture and performance of the device. An alternative for graphene as a
substrate material is 2D h-BN, as it has a similar lattice constant, is free of
charge traps and dangling bonds, and has a large bandgap.276,277 Lee et al.278
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prepared h-BN nanosheets by CVD and used it as a substrate, along with
silica, in graphene-based thin film transistors. The performance of tran-
sistors with h-BN nanosheets increased by three times compared to those
without h-BN.

1.8.3.2 Dielectric Material

So far, SiO2, HfO2, Al2O3, etc. have been used as dielectric materials in elec-
tronic devices. However, they have some drawbacks, such as current leakage,
failure at higher voltage, etc. The use of 2D insulating materials, such as h-BN
nanosheets, helps us to overcome these drawbacks, due to the exceptional
properties of the 2D material. 2D h-BN nanosheets are proven to be excellent
dielectric materials in graphene and molybdenum disulfide (MoS2) and other
2D nanomaterial-based electronic devices.277,279,280 For example, Shi et al.281

fabricated nanocapacitors using h-BN as the dialectic material. They found
that h-BN performed exceptionally well; when the thickness of the h-BN layer
was less than 5 nm, the capacitance increased more than 100%.

1.8.3.3 Tunnelling Barrier

h-BN has a low out-of-plane dielectric constant (k) in the range 3.29 to 3.76
(thickness dependent), and the in-plane constant is in the range 6.82 to
6.93.282 The bandgap of h-BN is larger than 6 eV, so it acts as an electrical
insulator. This makes h-BN a potential tunnelling barrier in electronic de-
vices. 2D h-BN nanosheets are stable against voltage stress, thus overcoming
the challenges of conventional dielectrics, such as charge trapping, current
leakage, and dielectric breakdown.283 Britnell et al.284 studied the electronic
properties of ultrathin h-BN layers prepared by a micromechanical cleavage
technique with conducting materials (graphene, graphite, and gold) on both
sides. They found that h-BN acted as an excellent tunnelling barrier.

1.8.3.4 Protecting and Passivating Layer

The special characteristics of h-BN, such as thermal stability up to 850 1C,
electrical insulation, and chemical inertness, make it a perfect material for use
as a protecting layer. Degradation of the materials in electric devices can be
prevented by using an h-BN coating. For example, Chilkoor et al.285 used a
thin layer of h-BN as an insulating barrier for microbial-induced corrosion by
Desulfovibrio alaskensis G20 bacteria on copper. They found that a single layer
of h-BN acted as a barrier and showed 91% efficiency in preventing aggressive
metabolites, which is on a par with that of commercial thick coatings.

1.8.3.5 Sensors

h-BN has been used in sensors for the detection of different compounds
(ethanol, NH3, NO2, NO, etc.) in low concentration (at ppm levels).286 When
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gases/chemicals are adsorbed onto the surface of h-BN there is change in the
conductance, which can be measured. Raad et al.287 investigated the gra-
phene/h-BN multiheterostructure for sensing of H2O, NH3, and NO2. It was
found that the structure was sensitive to NH3 and NO2. Khan et al.288 in-
vestigated 2D h-BN nanosheets for electrochemical sensing of dopamine.

1.8.3.6 Catalysis

h-BN nanosheets have been used as potential catalysts for many chemical
reactions, as it is possible to produce different vacancies in the 2D sheets
of h-BN, with both nitrogen and boron vacancies being possible. These va-
cancies in h-BN nanosheets can be converted to active sites, by embedding
carbon (C) and other metal atoms for multiple reactions. Various metal
atoms (Co, Fe, Pt, Ag, Au, etc.) and C embedded in the vacancies of h-BN have
been studied.289 Marbaniang et al.290 prepared carbon-doped h-BN using
CVD and used it as an electrocatalyst for the oxygen reduction reaction.
Interestingly, carbon-doped h-BN showed good catalytic activity.

1.8.4 Synthesis Methods of h-BN

The properties of 2D h-BN nanosheets, such as electric, optical, thermal,
mechanical, etc., depend on the quality of the 2D h-BN nanosheets, which is
in turn determined by the synthesis method. Like the other 2D
families, h-BN is realized through top-down (mechanical cleavage, liquid
exfoliation, modified Hummers’ method) and bottom-up (CVD, pulsed laser
deposition, physical vapor deposition, etc.) synthesis methods. The details of
these production methods can be found in comprehensive reviews.291

1.9 Conclusion
Graphene created a revolution in the field of 2D materials due to its ex-
ceptional combination of properties. However, limitations concerning its
real-world implementation have paved the way for the discovery and devel-
opment of many similar and innovative 2D nanomaterials. This chapter has
delved into the structure, properties, applications, and synthesis techniques
of various cutting-edge 2D nanomaterials, including TMDs, MXenes, TMOs,
and h-BN. These materials exhibit unique characteristics and diverse ap-
plications, offering promising avenues for sustainable energy solutions,
from energy storage to catalysis.

In conclusion, the rapid advancement of these nanomaterials presents a
promising pathway to achieve sustainable energy solutions. However, ad-
dressing challenges related to large-scale manufacturing techniques, fabri-
cation and engineering limitations, and high cost remains crucial to
realizing the full potential of nanomaterial-based technologies. By con-
tinuing to explore and innovate in fields such as chemical engineering and
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materials science, we can overcome these obstacles and accelerate the
transition towards a cleaner and more sustainable energy future.
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