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The tunable electric and magnetic properties
of 2D MXenes and their potential applications

Vineeta Shukla

The electrical and magnetic properties of 2D materials remain a subject of interest among researchers.

After the discovery of the first 2D carbon material, the exfoliation of 2D MXenes has catalyzed their

versatile applications in nanomedicine, spintronics, microwave absorption and energy storage systems.

The pristine MXenes have a metallic character, but the presence of the terminal group makes it easy to

tune their electrical and magnetic properties. This review paper is mainly focused on the electrical and

magnetic property based applications such as cancer theranostics, spintronics, and shielding against

electromagnetic pollution. This review paper will pave the way to designing the next generation of

MXene based multifunctional materials with promising opportunities.

1 Introduction

The exfoliation of the first two dimensional (2D) material in
2004, known as graphene, opened up the door for searching for
other 2D materials such as hexagonal boron nitride (h-BN),
silicon and germanium counterparts, transition metal dichalco-
genides (TMDs), transition metal carbides (TMCs)/nitrides
(TMNs), etc.1,2 In this direction, various 2D materials such as
silicene (2D allotrope of silicon),3–5 germanene (2D allotrope of
germanium),6 molybdenum disulfide (2D TMD),7,8 phosphorene
(2D black phosphorous),9–11 and many more have been studied
so far.12–15 The 3D carbide and nitride counterparts that contain

group IV–VI transition metals were discovered in the 20th
century.16–18 These materials are known to possess good chemical
stability, hardness, high thermal and high mechanical stability,
and wear-resistant properties.19 The tremendous amount of
research increased after 2011 when the first two-dimensional
titanium carbide (Ti3C2Tx) was discovered by treating the MAX
precursor Ti3AlC2 with hydrogen fluoride (HF) solution as the
etchant.20,21 The 2D layered transition metal carbides, nitrides,
and carbonitrides are named MXenes, and have the formula
Mn+1Xn (n = 1–3) where n + 1 layers of M cover n layers of X.22

In general, MXenes have three formulae: M2X, M3X2, and M4X3

(M = early transition metal and X = C or N). In M2X, transition
metal atoms form a honeycomb lattice, and another transition
metal atom is found in the central of the honeycomb lattice.
It shows an in-plane chemical arrangement, also known as
i-MXene. However, M3X2 and M4X3 show out of plane chemical
ordering, named o-MXene, in which the transition metal atoms
are located in the perimeter layers and the other atoms occupy the
central layers.23 i-MXenes can also be synthesized by substituting
1/3 foreign transition metal or rare-earth element M* for M in
M2X, i.e. (M2/3M*1/3)2X.24 M* may be magnetic or nonmagnetic
(NM), depending on our choice. On the other hand, o-MXenes are
represented by the formula M2M*X2 or M2M*2X3. MXenes are
generally synthesized by selective extraction of the desired atomic
layers from their ternary layered precursors, i.e., MAX (Mn+1AXn)
ceramics, known as MAX phases. The removal of the ‘A’ element
by selective etching of Mn+1AXn, using HF, LiF/HCl, or NH4HF2

solution, results in a single sheet or a few sheets of the transition
metal, named MXenes. In the formula Mn+1AXn, the M term
indicates an early transition metal element such as Ti, Zr, and
so on, while A refers to a group IIIA or IVA element such as Si, Al,
and so on; on the other hand, the X term denotes C, N or both.
MAX phases are known to possess inter-growth structures that
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comprise close-packed and alternative stacking of planar atomic
layers and MX hexagonal layers. In this framework, the M–X and
M–A bonds indicate the ionic/covalent and metallic characteristics.
The covalent nature makes the M–X bond stronger than the M–A
bond, making it facile to extract the A layer from the layered solid
structure.22,25 Compared with the weak van der Waals forces in
graphite and transition metal dichalcogenide interlayer inter-
actions, the M–A bond of MXene can be considered to be relatively
strong, which impedes the direct separation of MX layers from
MAX phases through mechanical cleavage, dispersion, or by
ultrasonication. A suitable chemical treatment helps us extract
the A layer due to the different features and strengths of M–X and
M–A bonds. Fortunately, one can obtain the MXene (Mn+1XnTx),
where Tx indicates surface-terminating functional groups like
fluorine (–F), hydroxyl (–OH), and oxygen (QO), by top-down
and bottom-up approaches, and the MXene shows high chemical
stability. The abundance of surface-terminating groups depends
on the synthesis method, etchant solution, etc. Hydrogen bonding
and van der Waals bonding are the two interactions that occur
between the MXene layers. MXenes have a 2D lamellar structure
and rich chemistry. MXenes demonstrate metallic character
owing to the partially occupied d-shells of the transition metal
atoms. The presence of abundant groups on their surfaces makes
them hydrophilic, but increasing the number of groups causes the
electrical conductivity to decrease. The activated metallic hydro-
xide sites, large surface to volume ratio, high melting point, high
thermal conductivity, exceptional hardness, ultra-thinness, and
good oxidation resistance make MXenes excellent materials in
several fields, such as field-effect transistors,26 water purification,27

chemical sensors,28 biosensors,29 detection of volatile organic
compounds,30 photo/electro-catalysis (e.g., photocatalytic hydrogen
production,31 photocatalytic nitrogen fixation,32 CO2 reduction),
energy conversion devices (including triboelectric nanogenerators,
solar fuel generation and water splitting),33–36 capacitive desalina-
tion,37 biomedical applications,38 energy storage (including batteries
and supercapacitors), spintronics, nano-electronics/optoelectronics,
and topological applications.30,32,39,40 The lateral dimension of
MXenes ranges from nanometers to micrometers, and the thickness
is in the nanometer range.41 To date, 100 kinds of MXenes have
been discovered through ab initio calculations, and more than
25 types of MXene have been obtained experimentally.22 Several
research papers and reviews discussing photonics, optoelectronics,
photothermal therapy, energy conversion, and storage applications
of 2D MXene based materials have been reported.25,42–50 The
present review paper discusses the electric and magnetic properties
of MXene based composites and recent progress in MXene compo-
sites for biomedical applications, spintronics and protection from
electromagnetic pollution.

2 Advantages and disadvantages of
MXenes in comparison with other
2D materials

Graphene, hexagonal boron nitride, transition metal dichalco-
genides, etc. have been comprehensively studied due to their

intriguing properties such as high electrical conductivity, low
density, large surface area, etc.51,52 Compared with these 2D
materials, MXenes have some advantages due to their tunable
electric and magnetic properties, e.g., pure 2D graphene has
excellent electrical conductivity but demonstrates poor mag-
netic properties, and is not suitable for electromagnetic inter-
ference (EMI) shielding applications which require moderate
conductivity and magnetic dipoles to interact with electro-
magnetic (EM) waves. The hydrophobic nature and high-cost
synthesis of carbon allotrope (such as carbon nanotubes (CNTs),
carbon nanofibres (CNFs)) based composites lower the extent
of their use for EMI shielding materials.53,54 On the other
hand, molybdenum disulfide (MoS2) is a 2D transition metal
dichalcogenide with a layered structure. The MoS2 material is a
semiconductor (bandgap of B1.2 eV) with a parabolic energy
dispersion relation. The bandgap can be tuned by the quantum
confinement effect resulting from different surface morphologies;
hence MoS2 is a candidate for EMI shielding applications.55,56

As compared to 2D graphene, pure MoS2 has lower electron
conductivity and lower permittivity due to poor charge transfer.
A further problem with TMDs is that stacking of individual
vertical layers of MoS2 takes place due to weak van der Waals
forces, which may cause impedance mismatching between the
EM waves and the shielding material.57 Fortunately, MXenes have
tunable conductivity ranging from metallic to semiconductor,
cost-effective synthesis, and hydrophilicity. Many MXenes possess
an intrinsic magnetic moment, thus presenting applicability for
EMI shielding and microwave absorption applications. However,
an excess of terminal groups (oxygen and fluorine-containing) in
the MXene sheet can cause collapse of the indispensable layer
structure or heaping of layers in the lamellar MXene. The layered
structure may hinder the creation of spaces, ranging from nano to
submicron-scale, within the MXene that can alter its electric and
magnetic characteristics, thus adversely affecting the EMI perfor-
mance of MXene based composites. This is the drawback of
MXenes, and can be improved through the synergistic effect
between MXenes and conducting and/or magnetic materials,
including metallic materials or ceramics, conducting polymers,
and carbon allotropes.

Pristine 2D graphene is a zero bandgap semimetal. While
reduced graphene oxide and graphene oxide are a semiconductor
and an insulator, respectively.54 2D TMDs show semiconducting
behavior. The beauty of MXenes is their tunable electric properties
that establish MXenes sometimes as metals, semiconductors,
superconductors, topological insulators, and, most importantly,
half-metals.58–61 The half-metallicity in MXenes can be tuned by
controlling the terminal group, doping, or applying an electric
field and strain. The half-metallic character of MXenes indicates
future opportunities in the area of spintronics.62

For gas and liquid separation, GO analog based membranes
have been established as promising membrane materials owing
to their unique 2D structure. Nevertheless, the small inter-
layer spacing of GO analogs causes relatively low flux under
pressure.63 For instance, Huang et al. reported B1702 g m�2 h�1

flux for the GO membrane under vacuum conditions.64

Disruption of hydrogen bonds can occur within the membrane
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due to the hydration effect that can increase the layer spacing
of the GO membrane, causing instability in separation
performance. In comparison to GO membranes, MXene based
materials have good thermal resistance, and superior structural
and chemical stabilities. By introducing nanochannels among
the layers of the MXene membrane, ultra-fast water flux can be
achieved.27 With extremely short transport pathway and large
amounts of nanochannels, the MXene membrane showed high
water permeance and rejection rate (i.e., 1000 L m�2 h�1 and
90%, respectively). GO membranes are almost impermeable
to organic solvents, but MXene membranes are permeable to
both water and organic solvents.65 The loose lamellar MXene
structure endows a proper flow channel for the solution,
leading to the high flux. Thus, it is anticipated that MXenes
have excellent potential in membrane technology. However,
MXenes show less rejection of dye molecules, and this is the
main problem which could be improved by combining other
materials with MXenes.65,66

Energy storage and conversion have become vital issues
in present times. Batteries, such as lithium ion, sodium ion
and potassium ion batteries, and supercapacitors are popular
electrochemical energy storage (EES) systems. Their common
features such as long cycle life, high energy density, power
density, and environmental mildness show the superiority
of fast-growing energy storage devices.67 The benefits of
2D graphene or 1D carbon nanotube (CNT) based electrode
materials are their large surface area, high conductivity, and
high mechanical stability. Furthermore, carbon based materials
store charge by adsorption of ions in the electrolyte, and thus
liberate low energy densities. In this context, pseudo-capacitive
materials (i.e., transition metal oxides (RuO2, MnO2), conducting
polymers, TMDs) are used to achieve high power densities. Metal
oxides/hydroxides suffer from poor electrical conductivity which
results in modest cycling performance and power densities.
Subsequently, 2D TMDs such as MoSe2 nanosheets tend to
agglomerate because of high surface energy. Also, 2D TMDs
(i.e., MoSe2) have higher resistance when used as electrode
materials, and agglomeration causes rapid capacity fading that
prevents their large scale use in EES. The advantage of MXenes
as electrode materials for EES is their unique structure that has
a transition metal oxide-like surface with an inner conductive
transition metal carbide layer that provides active sites for fast
redox reactions and enables sufficient electron transportation.
Although chemically synthesized MXenes contain terminal sur-
face groups, several MXenes still exhibit metallic conductivity
(e.g., Ti3C2Tx), which favors fast faradaic reactions, giving rise to
superior charge storage properties (i.e., pseudocapacitance).68

Unfortunately, the stacked MXene nano-structure has the dis-
advantages of low capacitance and poor rate capability that
lower its broad applicability in EES systems, but can be
improved through the synergistic effects of MXenes and other
materials, a controlled synthesis procedure, etc. For instance,
the use of a group terminated MXene substrate with MoS2

nanosheets suppresses the aggregation of nanosheets, thus
improving the conductivity of TMD/MXene based electrode
materials.69 Therefore, it is concluded that the unique properties

of MXenes make them excellent materials compared with other
2D materials.

The major drawbacks of MXenes are their standard syn-
thesis procedures and the lack of understanding of their
surface chemistry which requires more study and provides a
great opportunity for future technological applications. The
chemical etching and delamination method leaves terminal
functional groups and defects on the surface of MXenes while
the number of layers can change their physical properties.
Thus, controllable surface termination needs to be explored.
On the other hand, bottom-up approaches hinder their large
scale production and lead to substrate dependent properties
that limit their wide applicability in potential applications.
Therefore, optimization of the MXene synthesis and under-
standing of the surface functionalities of MXenes have become
important. For instance, pristine MXenes show poor photon
absorption and high charge carrier recombination rate in
photocatalytic applications. Similarly, pristine MXenes have
high conductivity, and some of them are nonmagnetic which
hinders their use in EMI shielding. In this context, under-
standing the surface chemistry of MXenes offers plenty of
possibilities for their use in efficient EMI shielding, photo-
catalysis, and many more applications, and may be helpful in
developing smart MXene based devices in the near future.70–73

3 Two popular synthesis methods for
MXenes

Various synthesis processes, including chemical vapor deposition,
physical vapor deposition, plasma-enhanced pulsed laser
deposition,74 and the chemical etching method, are used to
synthesize MXenes.75 Among the different bottom-up approaches,
the chemical vapor deposition method has been reported in the
literature to make surface-termination-free MXenes. Nevertheless,
bottom-up approaches are less explored for synthesizing MXenes
because of the formation of non-2D carbides with 2D MXenes.76

The selective chemical etching method (top-down method) is the
most popular method among researchers due to ease of synthesis,
easy handling in the laboratory, and low-cost preparation.
However, the etching method’s major drawback is the use of
harmful acids which reduces its popularity to some extent. The
synthesis conditions such as etching conditions, reaction time,
the aggressiveness of the etchant, type of transition metal, and
etchant greatly influence the surface terminations, morphology,
and structural defects in the MXenes. For instance, the etching
conditions can tune the morphology of MXenes. Accordion-like
particles were observed when concentrated HF was used and
could not be found under milder etching conditions. Moreover,
a higher concentration of etchant, e.g., HF, gives rise to higher
fluorine (F) content on the surfaces of MXenes. Meanwhile, the
use of an aggressive etchant enhances the structural defects in
MXenes. The surface terminations depend on the transition
metal. Furthermore, the number of layers in MXenes is also
influenced by the factors mentioned above. Thus the intrinsic
properties of 2D MXenes cannot be fully explored by chemical
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modification. In this direction, many researchers have made an
effort to make MXenes environmentally friendly by using less
harmful eco-friendly chemicals that may pave the way for facile
synthesis of MXenes and open the door for future opportunities.
Moreover, to date many MXenes cannot be obtained through the
following synthesis methods. Thus different and new synthesis
methods for the preparation of undiscovered MXenes need to be
explored. The two most popular techniques are discussed in the
following sections.

3.1 Top-down approach

Some popular top-down approaches are lithography, chemical
etching, etc. Micro and/or nano-sized structures can be
achieved through these methods by reducing the bulk material
powder, making it smaller, and removing the remaining bulk
part from it. Among the various top-down methods, MXenes are
prepared by selective etching methods, as explained in the
following section.

3.1.1 Etching method. The first MXene was synthesized by
a top-down approach. The chemical and mechanical exfoliation
of the 3D MAX phase bulk material falls under this category.77

In this approach, the A layer of the MAX phase is removed with
an etchant such as an aqueous solution of hydrogen fluoride
(HF) of a particular concentration.78 Since etching and exfolia-
tion do not take place simultaneously, delamination is inevi-
table. The delamination process of MXenes is carried out by
applying intercalating agents. The intercalating agents may
be organic molecules such as dimethyl sulfoxide (DMSO) and
N,N-dimethylformamide (DMF), tetrabutylammonium hydroxide
(TBAOH), or tetrapropylammonium hydroxide, which enlarge the
interlayer spacing of MXenes and make it easy for the etchant ions
to reach the underside of the unetched MAX precursors.41,79 Other
intercalating agents are aqueous solutions of ionic compounds or
inorganic materials, including halide salts or metal hydroxides.
These agents enlarge the layer spacing and make the MXene
a loosely packed multilayered structure.38 Further, by applying
mechanical agitation like sonication, single and few-layered sheets

can be obtained.80 A stepwise pictorial representation of MXene
nanosheet preparation through this method is shown in Fig. 1.
This method is easy and cost-effective, but the removal of the
intercalating agent leads to defects and terminal electronegative
groups in the MXene sheets that may alter the physical properties
of MXene based composites.81,82 Apart from the strongly acidic HF
solution, another alternative route has been reported. In this safer
solution route, high-quality MXenes are prepared from inexpensive
hydrochloric acid (HCl) and fluoride salts (e.g., LiF, NaF, CsF,
NH3F, and KF) or ammonium bifluoride (NH4HF2), which make
the in situ HF etchant. The above reaction is carried out at
moderate temperatures over several hours. This treatment causes
dissolution of the A layer, and one can extract the 2D carbide/
nitride layers.83 Nevertheless, hazardous HF is handled indirectly
in the case of the in situ method by using HCl–LiF or NH4HF2, etc.
When fluoride salts are used with HCl, then metal cation (Li+, Na+,
and K+) intercalation enhances the interlayer spacing between the
MXene layers which cannot be achieved directly with the HF
solution. Moreover, sulfuric acid (H2SO4) and fluorine-based salts,
such as NaF, have been used to prepare MXenes.83 Compared to
the combinations of HCl and fluoride salts that release harmful
gases, the use of ammonium bifluoride (NH4HF2) produces eco-
friendly MXenes. It has been predicted that several factors, such
as bonding between atoms, structure, and particle size, highly
influence the etching process that removes the A elements from
the MAX phases.22 For example, strong bonding between M and A
requires a stronger etchant for a bigger atomic number M in order
to extract A from M–A. The situation is different if a weak etchant
is used. Under this condition, it can take a long time to complete
exfoliation owing to the simultaneous etching and exfoliation
processes. Fig. 2a–d present the scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and atomic force
microscopy (AFMc) images of monolayer Ti3C2Tx MXene, synthe-
sized using an aqueous solution of HCl–LiF. The SEM image
(Fig. 2a) depicts the typical lamellar morphology with wrinkled
paper-like pieces of MXene sheets. While the TEM image (Fig. 2b)
establishes the MXene as quite a thin sheet, either an individual

Fig. 1 Pictorial representation of the preparation of an MXene nanosheet through the etching method by use of HF solution.
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layer or an accumulation of several layers with a lateral dimension
in the order of micrometers. Also, the occurrence of crumpled
edges supports the intrinsically flexible nature of the MXene
sheets. Fig. 2c indicates that the Ti atom hexagonal lattice is
aligned along the c axis. On the other hand, the selected area
electron diffraction (SAED) pattern reveals the hexagonal symmetry
of the MXene, similar to its 3D counterpart (Fig. 2b inset). The
AFMc height profile (Fig. 2d) indicates a 1 nm thick sheet which
further confirms the homogeneity of monolayer Ti3C2Tx MXene.

3.2 Bottom-up approach

The chemical etching method (top-down method) is facile and
is the most popular technique for mass production of MXenes.
However, the use of an acid solution such as LiF/HCl or HF
leaves various functional groups and defects on the surface of
MXenes. Additionally, the sonication process for delaminating
MXene layers introduces more defects and makes them smal-
ler. The bottom-up approach is used as an alternative chemical
method to tackle the above problem and make the MXenes
defect-free. Some bottom-up methods include the template
method, chemical vapor deposition, and plasma enhanced
pulsed laser deposition, which allows the study of a system’s
intrinsic properties. Among them all, chemical vapor deposition is

widely studied for preparing MXenes and is explained in detail in
the following section.

3.2.1 Chemical vapor deposition. Chemical vapor deposi-
tion is a popular modern technique widely used to prepare
several low-dimension carbon based materials, including
graphene, carbon nanofibres, etc.85,86 This method can also
be applied for synthesizing MXene composites. Chemical vapor
deposition is a deposition process that forms a film. In this
method, the chemical precursors enter the vapor phase and
decompose on a heated substrate. The reaction takes place at a
very high temperature. Xu et al. grew high-quality 2D ultrathin
a-Mo2C crystals by this technique. In this process, a Cu foil
catalyst sits on a Mo foil substrate and methane is used as
the carbon source. The high-temperature reaction is carried
out above 1085 1C which allows the Cu to melt. As a result,
a MoCu alloy is formed at the liquid Cu/Mo interface. Afterward,
diffusion of Mo atoms to the surface of the liquid Cu takes place,
and the Mo atoms interact with the carbon atoms obtained by
the decomposition of methane to form Mo2C crystals.87 The
chemical vapor deposition method provides some control over
the lateral size. The Cu metal catalyst has a melting temperature
of 1084 1C, which is commonly used in the chemical vapor
deposition method. The fabrication of a sample requires

Fig. 2 (a) SEM image of MXene, (b) TEM image of MXene (inset shows the SAED pattern), (c) high-resolution TEM image from (b), (d) AFMc image of
MXene with height profile depicted in the inset,84 reproduced by permission of Elsevier.
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high-temperature growth, and in the chemical vapor deposi-
tion method the temperature may be higher than the metal
catalyst’s melting temperature. Many researchers have tried to
lower the temperature by choosing different metal catalysts.
Geng and coworkers synthesized 2D Mo2C on graphene film
through the chemical vapor deposition technique by using a
Mo–Cu alloy catalyst.88 While Chaitoglou et al. used a liquid
Sn–Cu alloy catalyst to synthesize Mo2C and Mo2C/graphene
heterostructures. Without compromising the growth rate,
Mo2C films in the nanometer range were achieved even at a
lower temperature of B880 1C.89 Using the ambient pressure
chemical vapor deposition method, another research group
synthesized 2D Mo2C crystals and Mo2C/graphene hetero-
structures on a liquid Au surface at a temperature above
1100 1C under H2.90 The benefit of using a Au catalyst instead
of a Cu catalyst is the lower melting point of 1064 1C. The
surface properties and defect concentration can be engineered
through the chemical vapor deposition technique, which is
the advantage of this method. In the chemical vapor deposition
method, lengthy steps may be required to deal with the
precursors and reactor exhaust because corrosive, explosive,
combustible, and toxic precursor gases may be hazardous to
safety. These are some drawbacks of using the chemical vapor
deposition method. The thickness-dependent synthesis process
also impedes its wider applicability. Moreover, maintaining the
proper stoichiometry of the multicomponent material coating
may also cause difficulty due to the different vaporization rates
of different elements.91,92

4 Electrical and magnetic properties

The electrical and magnetic properties in low dimensions have
always attracted the attention of condensed matter physicists
due to the richness of the physics. Most MXenes are metallic
due to the partially occupied d-shells of the transition metal
atoms and their unusual coordination with neighboring atoms.
The electrical properties of MXenes are anisotropic because the
metallic conductivity differs moderately along the c- and a-axes
but remains in the same order of magnitude. Interestingly,
most 2D materials are nonmagnetic.54 At finite temperatures,
the Mermin–Wagner theorem prohibits long-range ordered
magnetic interactions in 2D systems with continuous spin
symmetry.93 Nevertheless, tunable magnetic properties in 2D
materials are in high demand due to their applicability in
quantum computation, nanomedicine, logic and memory
operations, spintronics, magnetic sensors, etc.94–98 Thus, the
magnetic anisotropy property of magnetic 2D materials can be
realized to explore practically important 2D materials. Upon
doping or applying an electric field, the long-range ordering
is maintained by modulating the exchange interactions and
magnetic anisotropy which limits the magnetism in 2D materials.
Different experimental approaches have been reported to induce
magnetism in 2D materials.99–102 Apart from graphene with
p-orbitals, some TMCs and TMNs with partially filled d-orbitals
possess an intrinsic magnetic moment. Khazaei and coworkers

obtained ferromagnetic ground states in Cr2C and Cr2N
MXenes.103 Meanwhile, Cr3C2, Ti2C, Ti2N, and Ta3C2 are also
predicted to be ferromagnetic.104–106 However Ti3C2, Mn2C
and Ti3N2 showed antiferromagnetic (AFM) nature. The benefit
of using MXenes is their intrinsic magnetic properties obtained
by the selective choice of transition metal atoms, which give the
d-electrons freedom in the 2D system. Additionally, transition
metal carbides/nitrides consist of carbon or nitrogen layers
with the transition metal layers, which also contribute to the
magnetism and the conduction process, e.g., in transition metal
carbides, the carbon layers of MXenes show similar charac-
teristics to graphene, giving rise to high electrical conductivity.
Thus, the physical properties of MXenes are highly influenced by
the coordination of the d-electrons of the transition metals with
neighboring atoms and the number of d-electrons. In this
direction, Kumar et al. studied the transition metal nitride
MXenes M2NT2 where M = Ti, V, Cr, Mn, and T = F, OH, O
and suggested that N in nitride MXenes provides an extra
electron with respect to carbide MXenes that causes an excess
in the density of states around the Fermi level. This excess
density of states not only results in higher conductivities but
also stabilizes the ferromagnetic ground states following the
Stoner criterion.107,108 Subsequently, surface terminating groups
such as F, OH, or O groups confer additional freedom, which can
be used to obtain the desired magnetic properties of MXenes. Hu
and coworkers predicted the 2D Mn2C monolayer as an anti-
ferromagnetic metal. Nevertheless, the functionalized Mn2CF2

MXene showed ferromagnetic half-metal character with a high
Curie temperature of 520 K and a wide half-metallic gap of
0.9 eV.109 Interestingly, He and coworkers predicted that the
Mn2C MXene functionalized with F�, Cl�, and OH� retains the
ferromagnetic (FM) ground state upon functionalization. While
O and H functionalized Mn2C became nonmagnetic upon
functionalization.110 In MXenes, the strength of the bonding
between the metal cation and the ligand anion is given qualita-
tively by crystal field theory which describes the breaking of
orbital degeneracy owing to the ligands in octahedral or tetra-
hedral transition metal complexes. Octahedral complexes are
accepted to be energetically more favorable than tetrahedral
symmetry in MXenes. TMDs also possess octahedral symmetry
in which non-bonding states are located within the gap between
the bonding (s) and antibonding (s*) bands of the M–X bonds
according to crystal field theory.111 Similarly, the non-bonding
states of MXenes lie between the bonding (s) and antibonding
(s*) states of the M–X and M–T bonds. The crystal field causes
further splitting of the non-bonding states into low energy
(dxy, dyz, and dxz) t2g states and high energy (dx2�y2 and dz2) eg

states. It is predicted by scientists that the number of available
electrons in the non-bonding states and the way of filling non-
bonding d-bands decide the electronic and magnetic properties
of MXenes, similar to TMDs. For example, partially filled orbitals
indicate metallic conductivity while fully occupied orbitals show
semiconducting behavior. According to the Goodenough–
Kanamori rule, if the half-filled orbitals of two cations and the
p-orbital of a ligand overlap, the ligand-mediated superexchange
interactions result in AFM behaviour.112 Assuming cations with
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partially occupied or empty orbitals, then the magnetic ordering
can be FM or AFM and is further decided by the direct exchange
interaction between metal ions/groups and ligands. On the other
hand, the double-exchange interaction gives rise to ferro-
magnetic ordering if maximum hopping between partially occu-
pied d-orbitals takes place without flipping of their spin
directions.113 For the previously mentioned M2NT2 MXenes
where M = Ti, V, Cr, Mn, and T = F, OH, O, Kumar et al. predicted
itinerant character for the electrons in the oxygen-terminated
nitride MXenes, while the fluorine-terminated nitride MXenes
showed localized behavior of the electrons. Fortunately, the
itinerant character favors FM ordering due to the dominant
double-exchange interaction. However, double-exchange inter-
actions are weak for localized electrons, and so the super-
exchange interactions describe the magnetic ground state of
the fluorine-terminated nitride MXenes. Fig. 3a–f show the
density of states and band structure plots for the spin up and
spin down states of Mn2NF2, Mn2NO2, and Mn2N(OH)2. The
density of states of Mn2NT2 (T = F, O, OH) shows large exchange
splitting for the minority spin, indicating the robust half-
metallic nature. Furthermore, delocalized fluorine p-states are
observed below the Fermi level. In the band structure plots, one
spin channel shows metallic behavior while the other spin
channel shows insulating behavior with a large band gap. It is
proposed that a strong local magnetic exchange field is gene-
rated by a large local magnetic moment. Consequently, the band
gap opens due to lifting of the minority spin states above the
Fermi energy.107 Frey and coworkers studied M2NTx MXenes,

where M refers to Ti, Cr, and Mn. They suggested that appro-
priate modification of the surface termination and transition
metal in M2NTx can provide the desired spin structure and
tunable magneto-crystalline anisotropy. The investigation revealed
that the spin symmetry could be manipulated by spin–orbit
coupling, which helps tune the magnetic interaction from X–Y
ferromagnetism to Ising ferromagnetism.114 Yoon et al. used a
low-temperature solution chemical synthesis method to prepare
the Ti3C2 MXene. Since the parent MAX phases of the Ti3C2

MXene are Pauli paramagnets, they expected to obtain a strong
paramagnetic signal from the chemically reduced Ti3C2Tx

MXene. Consequently, the as prepared Ti3C2Tx MXene showed
Pauli paramagnetic behaviour.115 Recently, Babar et al. observed
a magnetic phase transition from the paramagnetic Nb2AlC–
MAX to the superconductor-like diamagnetic Nb2C–MXene.116

The electrical and magnetic properties of MXenes depend on
various factors which are explained in the following sections.

4.1 Asymmetric functionalization

Sometimes the surface is saturated with functional groups
during the synthesis of MXenes. As a result, the ground states
changes from FM to AFM or nonmagnetic (NM) states.
To overcome the problem, asymmetric decoration on the
MXene surface can be done. Therefore, magnetic properties
of MXenes can also be achieved by asymmetric/non-
centrosymmetric functionalization with F, O, etc. groups. With
asymmetric surface functionalization, Frey and coworkers
obtained magnetic ordering in Janus M2XOxF2x, where X is C, N,

Fig. 3 Density of states of (a) Mn2NF2, (c) Mn2NO2, and (e) Mn2N(OH)2, and band structure plots for (b) Mn2NF2, (d) Mn2NO2, and (f) Mn2N(OH)2 (red and
blue solid lines represent majority and minority spins, respectively),107 reproduced by permission of the American Chemical Society.
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and x = 0.5, 1, or 1.5. The magnetic ground states in these
nonmagnetic or weakly magnetic structures are induced by the
local structure and chemical disorder with respect to the
pristine form. Observations revealed that Janus Cr2C, V2C,
and Ti2C were stabilized in the AFM state while mixed
termination-induced anisotropy gave rise to Ising ferromagnetism
for Janus Mn2N.117 Zheng et al. investigated the Ti2C MXene by
asymmetric surface decoration. The asymmetrical adsorption of
negative ions or metal atoms causes the Ti atoms to exhibit
different valence states, Ti4+ and Ti+, which favors a FM ground
state.61 It is anticipated that asymmetric functionalization of
unexplored new MXenes may reveal some interesting magnetic
features.

4.2 Surface-passivated MXenes

Theoretical calculations predict that surface terminations on
the MXenes greatly influence the density of states (DOS) at the
Fermi level and, therefore, the magnetic properties and electro-
nic conductivity. Si and coworkers predicted half-metallic fer-
romagnetism in a graphene-like 2D Cr2C crystal and observed a
surface functionalization induced metal–insulator transition in
the Cr2C configuration.104 The Ti3C2 monolayer MXene is also
found to be a magnetic metal, but the –F or –OH group
containing Ti3C2F2 and Ti3C2(OH)2 exhibit small band gaps
and act as semiconductors.118 The Cr2CT2 MXene where T = F,
(OH), Cr2NT2 where T = F, (OH), and O terminated MXenes
exhibit ferromagnetic ground states.103 Hart and coworkers
studied the electronic properties of MXenes through termina-
tion and intercalation. They found that transitions between
metallic and semiconductor behavior were induced through
intercalation, while de-functionalization of the surface of
the MXenes gave rise to increased electronic conductivity.62

Similarly, Wang and colleagues found an enhanced electrical
conductivity of 2140 S cm�1 for Ti3C2 MXene nanosheets
treated at 600 1C. This is ascribed to the fact that the post-
treatment processes effectively remove the functional groups
on the surface of Ti3C2 which makes the electrical conductivity
three times higher than that of untreated Ti3C2 nanosheets.119

Li et al. studied the effect of surface-functionalization (denoted
by X = O, F and OH) in the (V2/3Zr1/3)2CX2 system, and
(V2/3Zr1/3)2CO2 MXene presented with a half-semiconductor
nature and ferromagnetism at a Curie temperature of
270 K.120 Li and coworkers obtained ferrimagnetic half-
metallicity with a gap of 0.47 eV in the 2D Mo3N2F2 MXene
with a Curie temperature of 237 K and considerable magnetic
anisotropy energy. They suggested that interactions of itinerant
d electrons between different Mo layers cause the ferrimagnetic
coupling, giving rise to 100% spin-polarization at the Fermi
level.121 Hu et al. studied Fe, Co, and Ni carbide based pristine
(M2C), and functionalized (M2CT2) MXenes where T = F, O, OH.
Intrinsic ferromagnetism was observed in Co2C, Fe2C, Fe2CF2

and Fe2C(OH)2 with magnetic moments of 2 to 5 mB per
unit cell. Moreover, Fe2C and Fe2CF2 showed high Curie
temperatures of 590 and 920 K, as predicted by Monte Carlo
simulations. On the other hand, Ni2CF2 demonstrated a direct
bandgap and highly anisotropic electron mobility.122 Similarly,

Bai and colleagues observed anisotropic electron mobility in
the zigzag and armchair directions in the Lu2C(OH)2 MXene,
even at room temperature.123 Among the bare and surface-
passivated Fe2NT2, Co2NT2, and Ni2NT2 (where T = F, OH, and
O) MXenes, Fe2N(OH)2, Fe2NO2, Co2NO2, Ni2NF2, Ni2N(OH)2,
and Ni2NO2 were found to be intrinsic half-metals, while the
other structures showed AFM ground states.124 Sun et al.
investigated the effect of the functional group in Cr2CX2

(X = O, F, OH) and observed a transition from the metallic
state to the insulating state. While Cr2CO2 is metallic, Cr2CX2

(X = F, OH) are semiconducting.125 It is believed that more
studies focusing on the electrical and magnetic properties
of surface-passivated MXenes may result in some interesting
physics.

4.3 Effect of strain and electric field

The magnetism and electrical properties of MXenes can be
tuned through applying strain and an electric field. Lee et al.
investigated the Sc2CO2 MXene using density-functional theory
and observed an indirect to direct band gap transition by
applying a small strain of about 2%.126 Li and coworkers
studied the effect of an external electric field on the magnetic
and electric properties of monolayer Ti2C which is predicted to
be an AFM semiconductor. Its state changed from an AFM
semiconductor to a ferrimagnetic semiconductor, a half-metal,
a magnetic metal, a nonmagnetic metal, and a nonmagnetic
semiconductor under the influence of the electric field.127

Cr3C2 is a ferromagnetic metal, having a magnetic moment of
3.9 mB per formula unit (f.u.), but it behaves as a half-metallic
ferromagnet with increasing strain up to 3%.106 Applying
biaxial strain, Gao et al. observed a phase transition from a
nearly half-metal to a true half-metal, and then a spin gapless
semiconductor and a metal for monolayer Ti2C MXene. On the
other hand, biaxial tensile and compressive strains induced a
large magnetic moment in 2D V2C and V2N which were an AFM
metal and a NM metal in their pristine forms, respectively.128

Furthermore, the mixed MXene Cr2M*C2T2 (where M* stands
for Ti, V, and T refers to the F, OH, and O groups) showed AFM
to FM nature and metallic to semiconducting transport,
depending on the surface terminations.129 Bafekry and cow-
orkers showed theoretically that the bandgap of semi-metallic
WCrCO2 increases under uniaxial strain. It becomes metallic
under tensile strain, resulting in exotic 2D double semi-metallic
behavior.130 Zhao et al. studied the electronic and magnetic
properties of M2C (M = Hf, Nb, Sc, Ta, Ti, V, Zr) by applying
biaxial symmetric strains. Among these MXenes, only Ti2C and
Zr2C possess intrinsic magnetic moments of 1.92 and 1.25 mB

per unit cell, respectively, in the strain-free state. However, a
transition from NM to FM is observed with increasing tensile
strain.131 The above analysis indicates that the magnetism
of 2D materials can be controlled by engineering strain and
electric field.

4.4 Phase-dependent magnetic and electric properties

Akgenc and coworkers examined the phase-dependent magnetic
and electric properties of Ti2C monolayers using the first-principles
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approach. The configuration 1T-Ti2C showed AFM nature. It is an
indirect bandgap semiconductor with a bandgap of 0.42 eV.
In contrast, 2H-Ti2C is a ferromagnetic half-metal (with bandgap
0.54 eV) with 100% spin-polarization. It is metallic and semi-
conducting for majority-spin and minority-spin electrons,
respectively. The itinerant Ti d-orbitals are suggested to be respon-
sible for the dispersive metallic band.132 There are few studies on
the phase-dependent properties of MXenes. Thus newly discovered
MXenes may allow a detailed survey of phase-dependent electric
and magnetic properties.

4.5 Effect of number of layers

More importantly, the electrical conductivity and magnetic
properties of MXenes can be tuned by applying strains and
also by varying the layer thickness. Employing density functional
calculations and the Boltzmann transport theory, Zhang et al.
studied the influence of layer thickness on the electrical conduc-
tivity of Ti2CO2. They predicted band splitting in Ti2CO2 induced
by layer interactions that decrease the bandgap with increasing
number of layers. Subsequently, on applying compression strains
(increasing order) perpendicular to the basal plane of the Ti2CO2

configuration, transformations from a semiconductor to a semi-
metal, then to a semiconductor, and at last to a metal were
observed.133 This indicates that by controlling the layer thickness,
the desired electrical and magnetic properties can be achieved.

4.6 Hydrogenated/oxygenated MXenes

Previous literature on hydrogenation and oxygenation of 2D
graphene indicates that it greatly influences the modulation of
the electrical and magnetic properties of 2D graphene.54 Like-
wise, some researchers have seen an influence of hydrogena-
tion and oxygenation on the properties of MXenes. It is well
accepted that the bare Mn2C monolayer is an AFM metal.
In this context, Zhang et al. have predicted that under hydro-
genation/oxygenation, the AFM coupling of Mn atoms can
transform into FM coupling. Different to the local magnetic
moment of Mn of B3 mB in bare Mn2C, the hydrogenated/
oxygenated Mn2C monolayer exhibits a large moment of
B6 mB per unit cell along with Curie temperatures above 290 K.

Fig. 4a depicts the structural geometry for hydrogenated (H)
and oxygenated (O) states where the H/O atoms chemically
bond with the Mn atoms. The Mn2C monolayer exhibits a
metallic electronic structure under hydrogenation and oxyge-
nation, as shown in Fig. 4b and c. The total density of states of
the Mn2C monolayer in the NM state before and after hydro-
genation/oxygenation of Mn2C is shown in Fig. 4d. It is reported
that both hydrogenated and oxygenated Mn2C satisfy the
Stoner criterion i.e. I � D(EF) 4 1. Therefore, the FM state is
found to be more stable in hydrogenated and oxygenated Mn2C
than the NM state.134 Thus, it is anticipated that the discovery
of new hydrogenated/oxygenated MXenes can help in under-
standing low dimensional magnetism.

4.7 Defect tuned magnetism

The creation of defects/vacancies, surface functionalization by
organic groups, doping of p-block elements, or intercalation of

heavy metals or metal oxides not only induces magnetism in 2D
materials,24,54,104,135,136 but also leads to significant changes
in their electronic properties. For instance, enhanced ferro-
magnetism was observed in 2D graphene, and the WS2 and
MoS2 TMDs through defect engineering.136–138 Defects are
advantageous because they can induce magnetism even in
nonmagnetic materials and the formation of trapping sites
for gaseous pollutants takes place in the presence of defects.139,140

However, defects adversely affect the structural stability of a
system; they can even induce plasticity in a BN sheet.141 When
following standard synthesis approaches for layered MXene
materials, atomic defect formation is unavoidable.142 It is sug-
gested that the defect formation process in MXenes has quite
different results to that in other 2D lightweight materials due to
their complex structure. Bandyopadhyay et al. introduced a
single vacancy in the Ti2CO2 system. As a result, Ti2CO2 showed
a semiconductor to metal transition rather than the semi-
conducting nature of Ti2CO2, which possesses a bandgap of
0.25 eV. Unlike the metallic nature of Ti2NO2, incorporation
of defects (Ti or O) resulted in semiconducting behavior.140

Zhang et al. synthesized monolayer Ti3C2Tx MXene (named
MX-as) by a LiF/HCl etching method. The MXene was then
annealed in a H2 atmosphere and denoted by MX-100, MX-300,
and MX-500 where the number refers to the annealing
temperature.84 Ti3C2Tx showed very weak paramagnetism while

Fig. 4 (a) Structural geometry under complete hydrogenation/oxygena-
tion for the Mn2C monolayer, (b) total density of states for hydrogenated
Mn2C, (c) total density of states for the oxygenated Mn2C monolayer and
(d) comparison of the total density of states for the NM state of the Mn2C
monolayer before and after hydrogenation/oxygenation,134 reproduced by
permission of the American Chemical Society.
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H2 annealing improved the saturation magnetization although
ferromagnetism was observed after annealing at 500 1C as shown
in Fig. 5a–d. The magnetic susceptibility (w) versus temperature
plots at one kOe applied field for MX-as, MX-100, MX-300, and
MX-500 are shown in Fig. 5a; all samples exhibit a Curie-type
paramagnetism component, and the w�1(T) curves (inset) of
MX-as, MX-100, and MX-300 were fitted well with the Curie
law. On the other hand, MX-500 does not follow the Curie law
which suggests magnetic ordering within the sample. The fitted
straight lines for MX-as, MX-100, and MX-300 almost go through
the origin, indicating pure Curie-type paramagnetism. However,
at higher temperature (180 to 300 K range), as shown in Fig. 5b,
great deviations from the Curie law were observed. Fig. 5c shows
the M–H curves for all samples obtained at 2 K and 65 kOe
applied field. For MX-as (Ms B 0.025 emu g�1), the saturation
magnetization was further enhanced with increasing annealing
temperature. At 300 K temperature, the MX-as, MX-100, and
MX-300 M–H curves show pure linear diamagnetism, while
MX-500 exhibits a non-linear relation between M and H.
Fig. 5d depicts the hysteresis loops of MX-500 at 2 and 300 K
temperature. The coercive field (Hc B 84 Oe) and remnant
magnetization (Mr B 0.002 emu g�1) at 2 K are evidence of

ferromagnetism. Theoretical investigations revealed that Ti–C
vacancy pairs were generated during the exfoliation process.
As the annealing temperature increases, the C vacancies created
by annealing form more Ti–C vacancy pairs due to the inhomo-
geneous and uncontrollable nature of the annealing process.
Thus, H2 annealing acts as the major magnetism source that
produces different kinds of Ti–C vacancy pairs. During the
experimental preparation, some atomic disorder is always pre-
sent. In this context, Sang and coworkers showed the presence of
Ti vacancies in Ti3C2 experimentally through STM analysis.142

The atomic disorder greatly influences the magnetic as well as
electric properties. Hu and coworkers investigated an O-vacancy-
line (OVL)-defective armchair-edged Ti2CO2 MXene ribbon. It is
reported that the pristine Ti2CO2 ribbon is an NM semiconduc-
tor, but the presence of the OVL induces significant magnetism.
It is proposed that the OVL position plays an important role in
the carrier polarity and spin polarity mobility behavior.143 On the
other hand, Zhou et al. studied how the magnetic and electric
properties of Ti4N3 MXene nanosheets behave in the presence
of defects (atomic vacancies, Frenkel-type) and transition metal
(Z = Sc, V and Zr) doping through first-principles based calculations.
It was observed that both surface Ti and subsurface N atom

Fig. 5 (a) Typical w(T) curves in the range of 2–300 K at one kOe applied field (inset shows 1/w–T curves, and the intensity for MX-500 was amplified
20 times to make it more distinct), (b) close-ups of the w(T) curves of MX-as, MX-100, and MX-300, (c) magnetic moment (M) versus applied field (H)
curves at 2 K, (d) hysteresis loops of MX-500 measured at 2 and 300 K,84 reproduced by permission of Elsevier.
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vacancies are stable and contribute to the magnetism of the
Ti4N3 nanosheets. The total magnetic moment decreased for
the Frenkel-type defect system because the indirect magnetic
exchange was enhanced between the Ti atoms bridged by N
atoms. Meanwhile, large magnetism was obtained in the doped
systems. It was proposed that direct magnetic exchange
between surface Z and Ti atoms induces the larger magnetism
in the doped systems.144 Therefore, tailoring of defects makes
MXenes promising candidates for various applications.

5 Applications

Apart from the poor magnetic properties of carbon based
nanomaterials, MXenes provide a chance to achieve robust
magnetism along with the benefits of half-metallicity that are
valuable for spin-based devices. For instance, the Cr2C and
Mn2C MXenes are predicted to be intrinsically magnetic. Some
of the important uses of MXenes are:

5.1 Cancer theranostics

The impressive properties of MXenes, such as high surface to
volume ratio, high mechanical stability, ultra thinness, and
rich surface chemistry, make them desirable materials for
biomedical applications. For instance, 2D MXene flakes and
quantum dots have been explored for potential applications in
antibacterial materials and multicolor cellular imaging.145,146

MXenes exhibit strong absorption in the near-infrared region
(IR), which permits maximum penetration of radiation through
the tissues, which demonstrates their applicability in tissue
engineering. Meanwhile, the metallic conductivity of MXenes
and their high volumetric capacitance support their use in high
reliability and low noise bio-sensors. Thanks to their rich
chemistry, MXenes possess plenteous reactive sites that decrease
the complications of drug functionalization and enzymes. More
interestingly, the photothermal conversion capabilities of MXene
(Ti3C2) establish it for efficient use in photothermal therapy of
tumors. Photothermal therapy (PTT) is a therapeutic strategy
that involves destroying tumor cells through hyperthermia. This
technique can be considered as an alternative treatment approach
to the traditional radiotherapy, surgery, or chemotherapy cancer
therapies. These characteristics render Ti3C2 a promising candi-
date for biomedical applications.145,147 For the first time, Lin et al.
demonstrated that ultrathin titanium carbide (Ti3C2) nanosheets
have an intrinsic photothermal conversion capability and could
be utilized for PTT of tumors.147 However, Ti3C2 exhibits a single
photothermal conversion functionality that can be modified by
using other functional materials to achieve good performance
along with special functionalities. In this direction, Liu et al.
prepared magnetic Fe3O4 nanocrystals on the surface of MXenes
for cancer theranostics. High T2 relaxivity (394.2 mM�1 s�1)
and efficient contrast-enhanced magnetic resonance imaging
(MRI) of tumors were observed for the Ti3C2–iron oxide nano-
particle composites.98 Similarly, Zong and coworkers148 achieved
high in vivo biocompatibility with GdW10@Ti3C2 composite
nanosheets.

5.2 Spintronics

Spintronics is the study of the intrinsic spin of the electron
along with its fundamental electronic charge. Generally, bare
MXenes possess metallic transport character owing to the
partially occupied d-shells of the transition metal atoms. Strain,
electric field, doping, defects, and functionalization of MXenes
result in interesting electrical properties ranging from metal
to half-metal, superconductor, semiconductor and topological
insulator.149,150 For example, the Ti2C and Ti2N monolayers are
predicted to exhibit nearly half-metallic ferromagnetism.128

On the other hand, the double transition metal element based
Mo2MC2O2 MXenes (where M refers to Ti, Zr, or Hf) were found
to be robust quantum spin Hall insulators.151 Typically, the
outer layers of layered MXenes significantly affect the electronic
properties of MXenes, in comparison to the inner layers. Also,
the presence of the electronegative surface terminating groups
alters the electronic properties of MXenes. The d-electrons
of the transition metal construct the DOS around the Fermi
surface while the p-electrons of the terminating groups such as
O and F form the DOS below (�3 to �5 eV range) the Fermi
surface.103,152–154 When the p-electrons of the terminating
groups interact with the d-electrons of the transition metal,
the electronegative terminating groups accept either one or
two electrons from the d-subshell of the transition metal.
Consequently, a new energy band forms with lower DOS density
around the Fermi surface. Therefore, a finite bandgap is
achieved by the functionalization of MXenes. It is reported that
surface terminating groups (F, OH, O) or other atoms are
eventually present during the experimental preparation of
MXenes. Most importantly, functionalized MXenes are found
to be thermodynamically more compatible than unfunctiona-
lized MXenes. Thus, the presence of terminating groups cannot
be neglected, which helps in making a material according to
the requirements of the application and realizing the physics
behind it.155,156 In this direction, many research groups have
studied the effect of these functional groups on the magnetic
and electric properties. Si and coworkers104 observed ferro-
magnetic behavior in a Cr2C crystal. The itinerant Cr
d-electrons result from the ferromagnetism and also induce
half-metallicity with a gap of 2.85 eV. On the other hand,
He et al.109 observed the effect of various surface functional
groups on the magnetic and electric properties of Mn2CT2

(T = F, Cl, OH, O, and H) MXenes and predicted that Cl and
OH quantitatively influence the magnetic properties and O and
H qualitatively influence the magnetic properties. Among them,
the M2CF2 MXene showed intrinsic half-metallic nature with a
wide energy gap (0.9 eV). Li et al. investigated asymmetric
MXene/monolayer transition metal dichalcogenide heterostruc-
tures and achieved half-metallicity in many MXene/monolayer
transition metal dichalcogenides such as Cr2CO/MoS2, Cr2CO/
WSe2, etc.157 Zhang and coworkers obtained intrinsic ferro-
magnetism in a metallic 2D layered Cr3C2 material, which
converted from a metallic ferromagnet to a half-metallic ferro-
magnet after applying strain. Interestingly, larger strains were
found to sustain the half-metallic character of the Cr3C2

MXene.106 It is anticipated that these kinds of ferromagnetic
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half-metal MXene materials are highly desired for designing
next-generation spin based devices such as magnetic sensors,
spin injectors, filters and many more.

5.3 Electromagnetic interference shielding and microwave
absorption

MXenes are prepared by selective etching of the A layer in the
presence of some etchant such as –F rich hydrofluoric acid (HF)
solution, which leaves abundant defects/vacancies within the
MXenes. Many polarization phenomena and strong dielectric
relaxation occur due to these defects, which make MXenes
excellent microwave absorbing materials. Likewise, the chemi-
cally active surfaces in MXenes and the surface terminating
groups such as –OH, –F, and –O also make it possible to modify
them or to graft electronegative atoms, molecules, etc., to
enhance the EMI performance. Moreover, the main advantage
of MXenes over other 2D materials is their lamellar micro-
structure that provides multi-interfaces and increases multi-
ple reflections. Subsequently, their higher specific surface
area, tunable electrical conductivity, good thermal conduc-
tivity, and excellent film-forming ability make them preferable
to 2D graphene. For example, Fe3O4/graphene capsule (GC)
composites, prepared by catalytic chemical vapor deposition
and hydrothermal methods, showed a minimum RL value of
�32 dB at 8.76 GHz at a thickness of 3.5 mm covering an
absorption bandwidth range from 5.4 to 17 GHz.158 On the
other hand, sandwich-like MXene/Fe3O4 nanocomposites,
synthesized by in situ hydrothermal assembly of Fe3O4 nano-
particles on MXene nanosheets demonstrated a minimum RL
of �45.1 dB at 3.9 GHz at thickness 3.5 mm with absorption
bandwidth in the range of 8.9 to 12.4 GHz.159 MXene/Fe3O4

with a unique morphology showed a better absorption perfor-
mance than Fe3O4/graphene at a similar thickness. These
outstanding properties of 2D MXene composites offer exten-
sive applications in EMI and microwave absorption and other
technological applications. Electromagnetic interference
(EMI) is a growing worldwide problem. This electromagnetic
pollution affects not only electronic devices, radar systems,
and wireless communication by degrading the performance
and lifetime, but also affects human health by causing anxiety,
sleep disorders, etc. Moreover, EM waves can weaken bio-
logical immune systems and are even able to break DNA,
which endues the genetic code of organisms.160 Therefore,
the shielding of electronic devices from the surrounding EM
becomes important. It is crucial to understand the shielding
mechanism. The primary mechanism is the reflection (SER) of
radiation caused by impedance mismatching between the air
and the material. Thus, the reflection process requires good
electrical conductivity of materials because charge carriers
directly interact with the electromagnetic (EM) fields. The
second mechanism of EMI shielding is the absorption (SEA)
of radiation resulting from EM energy dissipation through
Joule heating. Therefore, during absorption electric and/or
magnetic dipoles interact with the EM radiation. The third
mechanism is the multiple reflections (SEM) that arise due to

successive reflections between the internal planes of the
material walls. Thus the total EMI shielding is

SET = SER + SEA + SEM (1)

Multiple internal reflection can be ignored for SEA 4 10 dB
or when the thickness of the material is greater than its skin
depth (d). A balance between permeability and permittivity is
highly desirable for impedance matching, as we reported
previously.53 In this context, the filler-matrix becomes very
important in maintaining a balance between dielectric losses
and/or magnetic losses. Apart from this, several other factors
like morphology, light weight, low thickness, chemical and
corrosion resistance, high flexibility, easy synthesis, and cheapness
are also crucial in the experimental preparation of excellent
shielding materials.161

It is a well-known fact that MXenes have metallic conductivity
and many MXenes possess an intrinsic magnetic moment that
may fulfill the requirement of permittivity losses and permeability
losses. However, moderated conductivity is required to prevent
forefront reflection. It is reported that 2D MXene structures
containing more than one element can improve the EMI
performance due to the appropriate combination of electric
and magnetic materials. Therefore MXenes can be decorated
with different high permeability as well as high permittivity
materials including magnetic elements (Fe, Ni, Co), conducting
polymers (PPy, PANI, PEDOT), lightweight carbon (i.e., graphene,
carbon nanotubes, carbon fibers), ceramics, metals (Ag, Cu, etc.)/
alloys or metal oxides such as Fe3O4, ZnO and many others.
In 2016, two research groups, Han and coworkers, and Shahzad
et al., reported EMI shielding studies on MXenes that estab-
lished 2D MXenes as versatile materials for EMI shielding
applications.162,163 Feng et al. studied the Ni-modified Ti3C2

MXene in the frequency range of 2–18 GHz.164 The effective
absorption bandwidth is greatly broadened, especially at lower
frequencies of 2–8 GHz. They predict that the synergistic effect
of dielectric loss and magnetic loss and the structure is
responsible for broadening the effective microwave absorption
bandwidth. Wang et al. synthesized a sandwich-like MoS2/TiO2/
Ti3C2Tx structure by a hydrothermal method.165 At 2.5 mm
thickness of the MoS2/TiO2/Ti3C2Tx absorber, the absorption
bandwidth was found to be 2.6 GHz. Shan and coworkers
decorated NiFe2O4 with Ti3C2Tx MXene composites via an
in situ chemical co-precipitation method.166 A bandwidth of
7.68 GHz was achieved for the NiFe2O4 and Ti3C2Tx composite.
Miao et al. achieved excellent flexibility and EMI shielding SET

with silver nanowires (AgNWs) intercalated into Ti3C2Tx MXene
composite films. Silver and MXenes both have good conduc-
tivity. Thus one-dimensional nanocellulose (NC) was used with
the films to make less insulating contacts between the two
conducting materials.167 The AgNWs in Ti3C2Tx MXene
nanosheets demonstrated an absorption-dominant EMI shield-
ing mechanism. It was predicted that the ‘‘bricks-and-mortar’’
layered structure maintains the multiple internal reflections
and improves the absorption process. The cellular structure
with tiny pores gives rise to many scattering interfaces, and the
multiple reflections further increase the total EMI shielding
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effectiveness. Raagulan and coworkers synthesized an MXene–
PAT–poly(p-aminophenol)–polyaniline copolymer composite
with good electrical conductivity of 7.813 S cm�1. The MXene–
PAT–PANI–PpAP composite showed an EMI shielding effective-
ness of 45.18 dB at 8.2 GHz.168 The PAT solution was predicted
to be an influential ingredient to disperse the MXene and inter-
calate the conductive polymers within the MXene to enable
the expansion of the more conductive network and different
structural features.

Liu et al. prepared 2D TiO2/Ti3C2Tx/Fe3O4 composites by a
hydrothermal reaction.187 Fig. 6a–d show the real/imaginary
permittivities/permeabilities while Fig. 6e–h indicates 3D
reflection loss (RL) plot and RL plot for various thickness for
TiO2/Ti3C2Tx/Fe3O4 composites. In comparison to bare Fe3O4

nanoparticles, for which the permittivity is almost independent
of frequency, the presence of TiO2/Ti3C2Tx results in frequency
dependence with improved e0 and e00 values. This improvement
results from the integrated polarization produced in the hetero-
geneous structure along with the presence of amorphous
carbon in the MXene. Subsequently, fluctuation of the m0 value
of TiO2/Ti3C2Tx/Fe3O4 appears in the 2–18 GHz range. Apart
from this, the m00 value shows less difference at 2–7 GHz, but
upon adding TiO2/Ti3C2Tx it increases in the 7 to 18 GHz
frequency range. A superior RL value of �57.3 dB was achieved
at 10.1 GHz and at thickness 1.9 mm with bandwidth
(i.e. 2 GHz) below �10 dB as shown in Fig. 6e. The RL values
of TiO2/Ti3C2Tx/Fe3O4 can be adjusted by changing the thick-
ness as depicted in Fig. 6f–h. The heterostructure TiO2/Ti3C2Tx/
Fe3O4 comprises several interfaces and triple-junctions, and the
ultra-small size Fe3O4 also contributes to the multiple inter-
faces. Consequently, bound charges are trapped at these multi-
interfaces and triple-junctions which causes the interfacial
polarization and relaxation processes. The benefit of ultra-
small Fe3O4 is the ease of constructing a conducting path
with the MXene. Thus, easy electron movement between
Fe3+, Fe2+ and Ti3C2Tx takes place through these conductive
structures.

Similarly, other researchers used the conducting polymer
PANI in the Ti3C2/Fe3O4/PANI composite and obtained an
optimal RL as low as �40.3 dB and a bandwidth of 5.2 GHz
at a thickness of only 1.9 mm.176 The advantage of heteroge-
neous interfaces with MXenes is the occurrence of significant
defect polarization, interfacial polarization, and multiple reflec-
tions between these interfaces that improve the EMI and
microwave performance. The use of MXene within composites
makes the heterostructure versatile because MXene is enable to
connect through the hydrogen bonding with other materials.
Also MXene accelerates the electron hooping within MXene
based heterostructure and thus enhances the EMI shielding
and absorption performances. Some of the studied MXene
based composites along with their performance are listed in
Table 1. It is concluded that the tunable electric and magnetic
properties of MXenes favor their wide use as excellent EMI
shielding materials. In addition, the hydrophilic nature of
MXenes helps in making MXene–polymer based composites,
which is beneficial in making polymer based flexible and smart
electronic devices. Therefore, MXene based composites have
great potential in the field of EMI shielding applications.

6 Conclusions and future possibilities

With the increasing demand for energy storage devices, 2D
materials, e.g., 2D graphene, have always been a subject of
interest to researchers due to their high surface area, light
weight and intriguing physical properties. Pristine graphene is
a semimetal, and the lack of d-electrons makes it nonmagnetic.
MXenes (with partially filled d-orbitals) show excellent electric
and magnetic properties. Interestingly, the chemically synthe-
sized MXenes have abundant functional groups that play a
crucial role in modulating the electric and magnetic properties
of MXenes. Thus, desirable properties can be obtained in
MXene based composites according to the demands of the
potential application. This review paper is mainly focused on

Fig. 6 (a) Real and (b) imaginary parts of complex permittivities, (c) real and (d) imaginary parts of complex permeabilities, (e) 3D profile of the RL for the
TiO2/Ti3C2Tx/Fe3O4 composite and (f–h) RL values at various thicknesses,187 reproduced by permission of Elsevier.
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electrical and magnetic property based applications such as
cancer theranostics, electromagnetic interference shielding,
and spintronics. MXenes have a high melting point, high
surface area, hydrophilic nature, superior electrical conductivity,
brittleness, thermal conductivity, compositional variability, etc.,
and these properties make them highly desirable for potential
applications. However, MXenes are not fully explored yet. The
etching method is widely used to prepare MXenes using HF or
HCl and fluoride salt mixture based etchants. The acid-based
solution is tough to handle and also releases harmful gases. This
is an excellent opportunity for scientists to develop cost-effective
and eco-friendly methods for synthesizing MXenes. The electric
and magnetic properties of many MXenes have not been explored
experimentally. The study of such MXenes may be useful in the
fabrication of spin-based devices. The multiple interfaces and
junctions (occurring in ternary and quaternary composites)
improve the EMI shielding performance. MXene based ternary
and quaternary composites containing intrinsic and/or extrinsic
polymers, lightweight carbon allotropes, and dielectric materials
need to be discovered. Furthermore, lamellar MXenes have the
advantage of large interlayer spacing between their layers. A study
of large size cation intercalation between MXene layers may be
helpful in searching for potential materials for energy storage
devices. Even though MXenes have shown applicability in bio-
medical applications such as PTT, the bio-compatibility of
MXenes still needs to be explored.
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26 Ü. Ö. Akkus, E. Balc and S. Berber, Superlattices Micro-

struct., 2020, 140, 106433.
27 L. Ding, Y. Wei, Y. Wang, H. Chen, J. Caro and H. Wang,

Angew. Chem., 2017, 129, 1851–1855.
28 X. Xie, S. Chen, W. Ding, Y. Nie and Z. Wei, Chem.

Commun., 2013, 49, 10112–10114.
29 H. Liu, C. Duan, C. Yang, W. Shen, F. Wang and Z. Zhu,

Sens. Actuators, B, 2015, 218, 60–66.
30 W. Y. Chen, X. Jiang, S.-N. Lai, D. Peroulis and L. Stanciu,

Nat. Commun., 2020, 11, 1–10.
31 V.-H. Nguyen, B.-S. Nguyen, C. Hu, C. C. Nguyen,

D. L. T. Nguyen, M. T. Nguyen Dinh, D.-V. N. Vo, Q. T.
Trinh, M. Shokouhimehr and A. Hasani, et al., Nanomaterials,
2020, 10, 602.

32 C. Hao, Y. Liao, Y. Wu, Y. An, J. Lin, Z. Gu, M. Jiang, S. Hu
and X. Wang, J. Phys. Chem. Solids, 2020, 136, 109141.

33 J. Low, L. Zhang, T. Tong, B. Shen and J. Yu, J. Catal., 2018,
361, 255–266.

34 L. Cheng, X. Li, H. Zhang and Q. Xiang, J. Phys. Chem. Lett.,
2019, 10, 3488–3494.

35 Z. Guo, J. Zhou, L. Zhu and Z. Sun, J. Mater. Chem. A, 2016,
4, 11446–11452.

36 Y. Dong, S. S. K. Mallineni, K. Maleski, H. Behlow,
V. N. Mochalin, A. M. Rao, Y. Gogotsi and R. Podila, Nano
Energy, 2018, 44, 103–110.

37 W. Bao, X. Tang, X. Guo, S. Choi, C. Wang, Y. Gogotsi and
G. Wang, Joule, 2018, 2, 778–787.

38 H. Lin, Y. Chen and J. Shi, Adv. Sci., 2018, 5, 1800518.
39 G. Lv, J. Wang, Z. Shi and L. Fan, Mater. Lett., 2018, 219,

45–50.
40 Y. Xie, Y. Dall’Agnese, M. Naguib, Y. Gogotsi, M. W. Barsoum,

H. L. Zhuang and P. R. Kent, ACS Nano, 2014, 8, 9606–9615.
41 Z. Huang, X. Cui, S. Li, J. Wei, P. Li, Y. Wang and C.-S. Lee,

Nanophotonics, 2020, 9(8), 2233–2249.
42 J. Yi, J. Li, S. Huang, L. Hu, L. Miao, C. Zhao, S. Wen,

V. N. Mochalin and A. M. Rao, InfoMat, 2020, 2, 601–609.
43 P. Sandineni, P. Madria, K. Ghosh and A. Choudhury,

Mater. Adv., 2020, 1, 698–707.
44 Y. Cao, X. Zhu, X. Tong, J. Zhou, J. Ni, J. Zhang and J. Pang,

Front. Chem. Sci. Eng., 2020, 1–9.
45 Q. Cheng, J. Pang, D. Sun, J. Wang, S. Zhang, F. Liu,

Y. Chen, R. Yang, N. Liang and X. Lu, et al., InfoMat,
2020, 2, 656–697.

46 K. Hantanasirisakul, M. Alhabeb, A. Lipatov, K. Maleski,
B. Anasori, P. Salles, C. Ieosakulrat, P. Pakawatpanurut,
A. Sinitskii and S. J. May, et al., Chem. Mater., 2019, 31,
2941–2951.

47 H. Kim and H. N. Alshareef, ACS Mater. Lett., 2020, 2, 55–70.
48 X. Jiang, A. V. Kuklin, A. Baev, Y. Ge, H. Ågren, H. Zhang

and P. N. Prasad, Phys. Rep., 2020, 848, 1–58.
49 N. K. Chaudhari, H. Jin, B. Kim, D. San Baek, S. H. Joo and

K. Lee, J. Mater. Chem. A, 2017, 5, 24564–24579.
50 P. Kuang, J. Low, B. Cheng, J. Yu and J. Fan, J. Mater. Sci.

Technol., 2020, 56, 18–44.
51 J. Wang, F. Ma, W. Liang and M. Sun, Mater. Today Phys.,

2017, 2, 6–34.
52 U. Krishnan, M. Kaur, K. Singh, M. Kumar and A. Kumar,

Superlattices Microstruct., 2019, 128, 274–297.
53 V. Shukla, Nanoscale Adv., 2019, 1, 1640–1671.
54 V. Shukla, Nanoscale Adv., 2020, 2, 962–990.
55 A. Saboor, S. M. Khalid, R. Jan, A. N. Khan, T. Zia, M. U.

Farooq, S. Afridi, M. Sadiq and M. Arif, Materials, 2019,
12, 2690.

56 J. Prasad, A. K. Singh, K. K. Haldar, V. Gupta and K. Singh,
J. Alloys Compd., 2019, 788, 861–872.

57 J. Prasad, A. K. Singh, J. Shah, R. Kotnala and K. Singh,
Mater. Res. Express, 2018, 5, 055028.

58 Y. Zhou, Z. Peng, Y. Chen, K. Luo, J. Zhang and S. Du,
Comput. Mater. Sci., 2019, 168, 137–143.

59 H. Weng, A. Ranjbar, Y. Liang, Z. Song, M. Khazaei,
S. Yunoki, M. Arai, Y. Kawazoe, Z. Fang and X. Dai, Phys.
Rev. B: Condens. Matter Mater. Phys., 2015, 92, 075436.

Materials Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Se

pt
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 4
:2

4:
48

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ma00548g


This journal is©The Royal Society of Chemistry 2020 Mater. Adv., 2020, 1, 3104--3121 | 3119

60 Z. U. Din Babar, M. Anwar, M. Mumtaz, M. Iqbal, R.-K.
Zheng, D. Akinwande and S. Rizwan, 2019, arXiv, arXiv-1908.

61 J. Zheng, R. He, Y. Wan, P. Zhao, P. Guo and Z. Jiang, Phys.
Chem. Chem. Phys., 2019, 21, 3318–3326.

62 J. L. Hart, K. Hantanasirisakul, A. C. Lang, B. Anasori,
D. Pinto, Y. Pivak, J. T. van Omme, S. J. May, Y. Gogotsi and
M. L. Taheri, Nat. Commun., 2019, 10, 1–10.

63 R. Han, X. Ma, Y. Xie, D. Teng and S. Zhang, RSC Adv.,
2017, 7, 56204–56210.

64 K. Huang, G. Liu, Y. Lou, Z. Dong, J. Shen and W. Jin,
Angew. Chem., 2014, 126, 7049–7052.

65 S. Wei, Y. Xie, Y. Xing, L. Wang, H. Ye, X. Xiong, S. Wang
and K. Han, J. Membr. Sci., 2019, 582, 414–422.

66 K. Rasool, R. P. Pandey, P. A. Rasheed, S. Buczek, Y. Gogotsi
and K. A. Mahmoud, Mater. Today, 2019, 30, 80–102.

67 X. Li and L. Zhi, Chem. Soc. Rev., 2018, 47, 3189–3216.
68 Y. Li, S. Huang, C. Wei, C. Wu and V. N. Mochalin, Nat.

Commun., 2019, 10, 1–8.
69 H. Huang, J. Cui, G. Liu, R. Bi and L. Zhang, ACS Nano,

2019, 13, 3448–3456.
70 M. Han, Y. Mu and J. Yu, Mater. Adv., 2020, 1, 421–429.
71 Y. Cao, X. Zhu, J. Jiang, C. Liu, J. Zhou, J. Ni, J. Zhang and

J. Pang, Sol. Energy Mater. Sol. Cells, 2020, 206, 110279.
72 Z. Wang, F. He, J. Guo, S. Peng, X. Q. Cheng, Y. Zhang,

E. Drioli, A. Figoli, Y. Li and L. Shao, Mater. Adv., 2020, 1,
554–568.

73 Y. Cao, X. Zhu, H. Chen, X. Zhang, J. Zhouc, Z. Hu and
J. Pang, Sol. Energy Mater. Sol. Cells, 2019, 200, 109945.

74 F. Zhang, Z. Zhang, H. Wang, C. H. Chan, N. Y. Chan,
X. X. Chen and J.-Y. Dai, Phys. Rev. Mater., 2017, 1, 034002.

75 P. Urbankowski, B. Anasori, K. Hantanasirisakul, L. Yang,
L. Zhang, B. Haines, S. J. May, S. J. Billinge and Y. Gogotsi,
Nanoscale, 2017, 9, 17722–17730.
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