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Since the discovery of TizC,T, in early 2011, a newly emerging family of post-graphene two-dimensional
transition metal carbides and nitrides (MXenes) has been rigorously investigated due to their high
electrical conductivity and various stunning properties. MXenes have attracted significant research
interest worldwide and have demonstrated promising potential in energy storage applications owing to
their layered structure, superior hydrophilicity, metallic nature, high charge carrier mobility, tunable
bandgap, and rich surface chemistry. To completely exploit their potential beyond the existing
boundaries, unique functional nanostructures, monolayers, multilayer compounds, nanoparticles, and
composites have been prepared through functionalization, hybridization, intercalation, etc. MXenes have
shown novel and tunable properties, easy processing, and superior electrochemical performance, which
make them potential candidates for application in electrochemical energy storage. Herein, we present

a forward-looking review of MXene-based materials with their synthesis protocol, fundamental
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Accepted 7th December 2021 properties, and state-of-the-art electrochemical activity and performance in supercapacitors an
rechargeable batteries. Finally, we discuss the challenges that must be addressed for future research,
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1. Introduction

Owing to the depletion of fossil fuels and the environmental
problems caused by their utilization, one of the foremost
scientific and social responsibilities facing researchers world-
wide is to develop sustainable energy resources for upcoming
generations. The International Energy Agency reports that
worldwide energy demands will increase from 18 TW in 2014 to
24 TW in 2040." This rapid progress in energy utilization along
with multiple environmental issues has compelled the devel-
opment of green and sustainable energy storage and conver-
sion devices to ease the complete dependence on fossil fuels.
Energy storage devices perform a core role in flexible wearable
gadgets and modern electronic equipment.” As representative
green and cost-effective electrochemical energy storage
devices, supercapacitors (SCs) and rechargeable batteries have
received significant interest worldwide for the sustainable
development of modern electronics and hybrid electric vehi-
cles.>® High energy density, cyclic durability, and charge/
discharge rates of batteries are not always complementary.
Alternatively, SCs store charges at the electrode/electrolyte
interface through the physical accumulation of ions for
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advancements in burgeoning energy storage technologies.

electrochemical double-layer capacitors (EDLCs) and through
fast and reversible faradaic reactions for pseudocapacitors.®™®
These mechanisms provide a high charge/discharge rate;
however, they unavoidably limit the feasible energy density of
SCs. Hybrid nanomaterials obtained with EDLCs and pseudo-
capacitive charge storage mechanisms are in high demand for
both batteries and SCs.**® Electrode materials, as the heart of
energy storage devices, play a vital role in achieving superior
electrochemical performance.

From the discovery of graphene and graphene oxide,
two-dimensional (2D) materials with thicknesses of a few
atomic layers have attracted considerable research attention
owing to their unique and multiple fascinating properties,
which do not exist in their ordinary bulk form.' Currently,
a large number of post-graphene 2D materials, including boron
nitride, transition metal dichalcogenides (TMDs), transition
metal oxides (TMOs), black phosphorous (BP), silicane, and
germanene, have been successfully synthesized with significant
advancements in their synthesis techniques."** Among them,
a newly emerging popular family of 2D transition metal
carbides (TMCs) and transition metal nitrides (TMNs), which
are also known as “MXenes,” have been developed. MXenes
exhibit a structure that combines two or more layers of transi-
tion metal (M) atoms crammed into a honeycomb-like 2D
lattice; these layers are twinned by carbon or N layers (X) that
occupy the adjacent octahedral sites between M layers.'*¢
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Generally, MXenes are created by the etching of A layers from
the layered ternary carbides/nitrides (MAX) phases, which can
be represented as M,,,1AX,, (M represents transition metals such
as Ti, Mo, Nb, and V; X is carbon or N, and n = 1, 2, 3; A is
a group IIIA or IVA element).””" The layered hexagonal struc-
tures of MAX phases contain M,,.;AX,, units and A layers, which
are alternately stacked. As the M-A bond in MAX is more
chemically active than the M-X bond, A layers can be chemically
etched without breaking the M-X bonds, which results in
weakly bonded M,,,,X,, layers that can be easily detached after
ultrasonication.?® Therefore, the obtained 2D materials, known
as MXenes without A layers from the parent MAX phase, possess
a 2D nature similar to that of graphene.”** Moreover, during
the etching process, the M,,;X,, units are sheltered by surface
functional groups. Therefore, the chemical formula of MXenes
is represented as M, X, T, (where T, indicates the surface
functional group -O, -OH, or -F).

MXenes have been widely investigated and exhibit various
similarities to graphene. First, graphene and MXene can be
prepared using a “top-down” exfoliation method from the
parent graphite or a MAX material. This exfoliation facilitates
the development of large-scale ultrathin 2D nanomaterials
having thicknesses of a single atom or few atomic layers.
Second, graphene and MXene materials show high conduc-
tivity and high specific surface area, which are useful for
several applications in the field of energy storage and
conversion.”»** Third, graphene and MXene can be modified to
tune the morphology, crystalline structure, and surface prop-
erties for specific applications.*®?® Furthermore, with hetero-
atom doping and surface modifications, the microstructure of
graphene and MXene materials can be further modified to
achieve superior performance. These similarities provide
promising perspectives for MXene-based materials for energy
storage applications. The unique properties and various
surface chemistries of MXenes exhibit several fascinating
thermal, electronic, magnetic, and electrochemical properties.
Additionally, solid solutions on both the M and X sides with
multiple single (O, Cl, S, F, etc.) or mixed (O, OH, or F) surface
terminations result in a large family of 2D materials. More-
over, the 2D morphology and layered structures of MXenes and
their combination with other materials enable the develop-
ment of different materials with impressive properties that
complement each other. The mechanically strong, environ-
mentally stable, and highly conductive MXenes demonstrate
their foremost influence on flexible, wearable, and self-
powered electronic devices. The use of MXenes with other
2D materials to form heterostructures and devices with
improved electrochemical performance is conceivably the
most promising prospect.

The current review provides an overview of the experimental
and theoretical studies related to MXenes and their derivatives.
A forward-looking review of the synthesis protocols and
fundamental properties such as electronic, thermal, optical,
and mechanical properties is presented, which highlights the
considerable potential of MXenes in energy storage applica-
tions, including SCs and rechargeable batteries. We conclude
present review with a description of the difficulties to be
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expected in further investigations in the field of most exciting
2D materials.

2. MXene synthesis approaches
2.1 Synthesis of MXenes by top-down approaches

Since the first discovery of 2D MXenes in 2011, an increasing
number of attempts have been made for the development of
new methods for MXene synthesis, investigation of novel
characteristics, and advanced applications of MZXenes."
MXenes are often produced by selective etching of certain
atomic layers from matching layered precursors such as ternary
layered ceramic material (MAX) phases.”” The composition of
the MAX phase varies as the “n” value changes from 1 to 4 and
the number of “M” layers changes from to 2 to 4, as expressed by
the general formula M,,;AX, (Fig. 1a). Typically, these are
divided in two to three types as “M” changes from 2 to 4, which
can be represented as 211, 312, 413, respectively.”® More than
130 distinct compositions exist in the MAX-phase family, with
the bulk of them crystallizing in the P6;/mmc space group.?® The
MAX structure consists of MX6 octahedra, interconnected with
“A” layers. In the subsequent steps, approximately 30 MXenes
are generated by etching Al from MAX phases, which are typi-
cally easy to handle and store (Fig. 1b).**** The MAX phases
show various structures as “M” changes from M, 33 to My. The
synthesized MXenes are in the form of M;;;XTx, M,XTx,
M;X,Tx, and M,X;Tx, depending on the MAX phase. MXenes are
synthesized through different methods such as the etching of
“A” group using HF, HCI + LiF, HCI + (Na, K, or NH,F), ZnCl,,
NH,HF,, H,0, + HF, or through electrochemical etching in HCI,
hydrothermal synthesis using NaOH, electrochemical etching
using NH,Cl/tetramethylammonium hydroxide (TMAOH).***
MXenes are most often produced using MAX phases, although
certain layered materials, such as 211-structured Mo,Ga,C, can
also be utilized. Furthermore, several layered solid materials
such (MC),(Al, Si),C; and (MC),Al;C, are etched to remove (Al,
Si)4C, and Al;C; to synthesize Hf;C,T, and Zr;C,T, MXenes,
respectively.*®?® Up to 2014, the MAX phases based on the “M”
sites, which have a random solid solution such as the 211
phases of (TixCr;_x),AlC* and (TixNb;_x),AlC,** 311 phases of
(Tiy/2V1/2)3AlC,, and 413 phases of (Crs/gTissg),AIC; ** were
investigated. Two new chemically ordered quaternary MAX
phases of “out-of-plane ordered” (312 and 413) and “in-plane
ordered” (211 phases) were investigated in 2014 and 2017,
respectively. Some of MAX phases such as (Mo0,/35¢43)3AlC,,
(Mo0y/3Tiy3)3A1C,, (Cry/3Tis/3)3A1C,, and (Mo, Tiys),AlC; repre-
sent an “M” elemental layer sandwiched between layers of
another “M” element, such as Mo on the outside and Ti or Sc
layers in the inner side.**™** Similarly, certain quaternary phases
of (Vyp3Zry/3)3A1C,, (M0y3Y13),AlC, and (W,/3Scy,3),AIC were
discovered recently.***” However, more than hundreds of stoi-
chiometric structures are expected to be synthesized, perhaps
making 2D-MXenes the biggest family of 2D materials.

Most MXenes are synthesized by employing concentrated HF
treatments or in situ HF (HCl and LiCl salt) acid etching
procedures to replace the A group with surface functional
groups such as -OH, -F, and -O-."” However, HF is significantly

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (a) A periodic table illustrating the elements in MAX phases and MXenes, surface terminations, and intercalant cations based on experi-
mental research, (b) schematic representation of synthesis of TizC,Tx MXene by HF etching and exfoliation by sonication, (c) photographs show
the washing process after etching of MAX, in which the photographs of bottom part of plastic tube after 1st washing cycle, after 8th washing
cycles, TizC,Tx and TizAlC,/TizsC, Ty slurry at the bottom part, (d) SEM image of compact layered TizAlC,-MAX powder at higher magnification, (e)
SEM image of multi-layered 30F TizC,Tyx MXene at higher magnification, (f) SEM image of TizC,T, MXene flakes, (g) HRTEM image, (h and i)
HRTEM image for bilayer TizC,Tx and atomic model corresponding to HRTEM image, and (j) XRD patterns of TizC,Tx and TizAlC,/TizC, Ty slurry
collected after washing process. (a) Is adapted with permission.>® Copyright 2021, American Chemical Society. (b, g—i) are adapted with
permission.** Copyright 2011, Wiley-VCH, (c—f and j) are adapted with permission.*®* Copyright 2017, American Chemical Society.

corrosive and toxic, causing material flaws and necessitating hydroxide (TBAOH)) were selected to prevent undesired defects
several processes to achieve final MXene sheets. Non-HF etch- in the MXene sheets. The etching of the Ti;AlIC, MAX phase with
ants (NH,4HF,, LiF, NaF, KF, NaOH, and tetrabutylammonium NH,HF, in various organic solvents showed a typical accordion-
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like morphology for the synthesized Ti;C,Tx MXene. The
intercalation of NH*"/organic solvent produces a significantly
larger d-spacing in the obtained MXene when compared to that
obtained using NH,HF, aqueous solution.*® According to
certain research, water is another key factor in the deterioration
of Ti;C,Txy MXene. Consequently, water-free MXene synthesis
techniques can be used to avoid degradation.”® It is also worth
noting that, when MXene exfoliated in propylene carbonate was
utilized to make the anode of a Na-ion battery (SIB), the capacity
of the battery electrolyte was approximately doubled in
comparison to an MXene etched in water. According to Li
et al.*® by using hydrothermal treatment and NaOH, it is
possible to synthesize TizC,Tx MXene from the TizAlC, MAX
phase. A layer of Al is attacked by -OH ions, leading to the
production of Al(OH), , a compound that can be dissolved by
an alkali solution, and the Ti atoms are terminated with OH or
O. Ma et al.*® developed Mo,C and Mo,N MXenes from the
metal precursor MoCls using the urea glass method. Alhabeb
et al.®® reported the guidelines for the synthesis of MXenes
under various etching conditions, and the detailed results are
presented (Fig. 1c-f, j). After the etching process, the multiple
layers of the obtained M,;X,Tx are held together through
hydrogen and/or van der Waals bonds (Fig. 1g-i)."* The in situ
generation of HF from a mixture of NaF/LiF and HCI, which is
simply called as clay method, was developed by Ghidiu et al.,"”
which generated superior quality MXene sheets than other
etching methods. Similarly, the selective etching of the Si
elemental layer was first successfully performed from the MAX
phase of Ti;SiC,.*® The reaction during etching of the Al process
is as shown below.

M,.+1AIX,, + 3HF — M, X, + AlF; + 1.5H, (1)

After the etching process of MAX phases, the resulting
multilayers of MXenes must be washed with water several times
to remove the etching by-products such as AlF;.*** If the MXene
multilayers are synthesized using etchants excluding HCI + LiF,
then the multilayers can be exfoliated directly by sonication;
however, the total yield is low.'*** The resulting MXene sheets
are generally bigger in size and have fewer nanometer-sized
defects, which is significant for various uses. For applications
requiring electrical conductivity, large flake materials with
minimal defects are more suitable. A high yield is possible
using liquid exfoliation with the intercalation of molecules to
obtain colloidal solutions. The interlayer interactions between
MXene multilayers can be weakened by the insertion of
appropriate molecules that swell in the interlayer space. Certain
polar organic molecules, such as dimethyl sulfoxide (DMSO),
were used to exfoliate the MXenes of Ti;C,Tx and (Mo,/;Tiy,
3)3C,Tx.**** However, other than these two MAX phases, DMSO
is unsuitable for the exfoliation of MXenes. Some MXenes of
(M02/3Ti1/3)302TZ, (M04/5Ti1/2)4C3Tz, TisN3Tz, M0,CTz, Nb,CTy,
and Ti;CNT, can be exfoliated by the intercalation of
TBAOH.>**¢ Furthermore, the V,CT, MXene can be exfoliated by
choline hydroxide, TBAOH, and n-butylamine.*® However, the
etching of MAX phases using the LiF and HCI method itself
creates exfoliation of MXenes by intercalation of Li" in the layers
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of MXenes, creating larger d-spacing.*®* Kamysbayev et al>
synthesized bromine-terminated MXenes of Ti,CBr, and
Ti;C,Br, using CdBr, in its molten state. This study revealed the
efficacy of a molten salt-based method in modifying the surface
chemistry of MXenes through exchange and elimination
processes.>”*

Moreover, the Lewis acidic etching method was employed to
synthesize MXenes with improved electrochemical perfor-
mance.**** The direct redox coupling between the cation of the
Lewis acid molten salt and “A” elements in the MAX phase
provides an effective number of MXenes. A cubic phase of TiC,
(x = 0.5) was induced from the topotactic transformation of
Ti,AlC using molten salt of LiF at 900 °C for 2 h in air, which
included significant amounts of O and F.** Li et al. devised
a method to synthesize Zn-based MAX phases and Cl-
terminated MXenes (TizC,Cl and Ti,CCl,) via a replacement
reaction between the MAX phase and the transition metal
halides (ZnCl,); Al from the MAX phase was replaced with
a transition metal element (Zn) (TizZnC,) (reactions 2-4).%
Recently, Li et al.*® revealed a new method for synthesizing Ti;C,
MXene that relies on the direct reaction between CuCl,-molten-
salt cationic species and “A” elements from the Ti;SiC, MAX
phase (reactions 5 and 6). The derived MXene demonstrated
better electrochemical performance in nonaqueous electrolytes,
with greater Li" storage capacity and rate performance. Lu
et al® applied scanning transmission electron microscopy
(STEM) and first-principles calculations to investigate new
terminations that have a large MXene functionalization space,
and the Cl terminations were stable up to 750 °C. When
compared to the chloride-based molten salt etching method,
Urbankowski et al.>® utilized molten fluoride salts to selectively
etch Al from a Ti,AIN; powder precursor at temperatures of
550 °C in the presence of an inert gas to create 2D TiyN3Tx
MXene. A variety of MXenes were synthesized from corre-
sponding MAX phases, including Ti;ZnC,, Ti;ZnC,, Ti;AICN,
TizAlC,, Ta,AlC, and TizZnC,.** Li et al. conducted a compre-
hensive research using Lewis acid molten salts such as FeCl,,
AgCl, NiCl,, and CuCl,. The findings show that the redox
potential is a critical element in determining the viability of
a replacement process. Thus, by employing the correct Lewis
acid molten salts, additional A-site elements in MAX phases
may also be eliminated by utilizing this molten salt etch
technique.®**

TizAIC, + 1.5ZnCl, = Ti;ZnC, + 0.5Zn + AICl; )
Ti,C; + Zn = TisZnC» 3)

TisZnC, + ZnCl, = TisC,Cl, + 2Zn (4)
TisSiC, + 2CuCly — TisC, + SiCly1 + 2Cu (5)
TisC, + CuCl, — TisC,Cl, + Cu (6)

However, the process of etching in the MAX phase using
molten salts still shows significant limitations. Fluoride and
other contaminants are difficult to eliminate completely. Most
molten salt etching methods rely on atmospheric protection,

This journal is © The Royal Society of Chemistry 2022
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temperature control, and temperature monitoring. Most
production techniques rely on water as the primary solvent, and
fluoride-based chemicals such as etchants produce poisonous
gases and numerous -OH groups on MXene surfaces. However,
the etching process using different agents directly affects the
surface morphology, structural defects, and surface groups of
MXenes.

2.2 Synthesis of MXenes through bottom-up approaches

View Article Online
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compared to the MXenes produced by the top-down methods,
the benefit of these techniques, especially the CVD process is
that it gives high crystallinity. These methods can synthesize
stoichiometric TMCs and TMNs such as WC, TaC, TaN, and
MoN; however, selective etching techniques are unable to
synthesize these phases.®*”® Using the CVD technique, Xu
et al.” first reported the development of high-area 2D ultrathin
Mo,C MXene superconducting crystals on a Cu/Mo bilayer
substrate. The crystals had a thickness of a few nanometers,

a size of over 100 um, and were stable under ambient condi-
tions. It also showed 2D superconducting transition character-
istics and significant anisotropy in the direction of the magnetic

MXenes are also synthesized via bottom-up techniques such as
plasma-enhanced pulsed laser deposition (PEPLD), chemical
vapor deposition (CVD), and template methods.®** When
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Fig. 2 (a) Schematic illustration of CVD growth of Mo,C crystals; (b) schematic for growth of Mo,C and Mo,C/graphene structures under low
and high CH, gas flow concentrations; (c) SAED pattern of hexagonal a-Mo,C/graphene heterostructure (scale bar is 1 pm), (d) HAAF-STEM
images of interfaces; (e) schematic for direct growth of a-Mo,C/graphene heterostructure through two-step CVD; (f) optical image of a-Mo,C/
graphene heterostructure showing compressed graphene; (g) SAED pattern of 2D a-Mo,C region; (h) Raman spectra of pure a-Mo,C, graphene
and a-Mo,C/graphene heterostructure for the images shown in (f) (red circle indicates heterostructure); (i and j) G and 2D peak position
mappings of a a-Mo,C/graphene heterostructure grown using CVD method (scale bar is 5 um); (k) SEM image of WC single crystal embedded in
graphene; and (l) AFM image of WC single crystal and thickness analysis. (a and b) Are adapted with permission.” Copyright 2017, Wiley-VCH, (c
and d) is adapted with permission.”® Copyright 2018, American Physical Society, (e—j) are adapted with permission.”® Copyright 2017, American
Chemical Society, and (k and |) adapted with permission.®® Copyright 2017, Elsevier.
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field; however, the superconducting property was solely
dependent on the thickness of the Mo,C crystals. Nevertheless,
the thickness of these crystals was determined entirely by the
rate of CH, flow; for ultrathin Mo,C, a low CH, concentration
was essential. The 2D a-Mo,C crystal has an orthorhombic
structure; moreover, it was composed of hexagonal-closed-
packed Mo atom and interstitial carbon atoms at half the
octahedra.” These crystals were in different shapes and sizes,
predominantly dodecagons, nonagons, octagons, hexagons,
rectangles, and triangles with lateral sizes of ~10 pm and
thicknesses of 3-20 nm. The octagonal ultrathin crystal of a-
Mo,C had a size of ~100 pm and a thickness of 10 nm. The
optical images of hexagonal a-Mo,C crystals showed thick-
nesses of 6.7, 87.2, and 11.2 nm; after they were transferred on
to a SiO,/Si substrate, different colors were observed based on
the thickness. The lattice parameter “a” was calculated from the
convergent-beam electron diffraction pattern and it was
measured as 4.77 A based on 7* + (7' — @~ *)* = 172, where Aand
r are the wavelength and radius of the first-order Laue ring with
values of 0.00251 nm and 40.83 nm ™, respectively.”* The Mo
atoms were closely packed with hexagonal arrangement in the
a-Mo,C crystal structure and it was verified through atomic-
level high-angle annular dark field (HAADF)-STEM and bright-
field (BF)-STEM analyses.

Previous studies have reported the direct development of
MXene/graphene heterostructures.®®®*”*7® Two distinct CVD
techniques have been described for the production of MXene/
graphene heterostructures: one- and two-step methods.*®”* To
synthesize heterostructures, Deng et al.*® used a one-step CVD
method in which Mo,C/graphene was deposited in a horizontal
quartz tube with hydrogen and CH, to generate carbon on a Cu/
Mo substrate through CH, decomposition (Fig. 2a). According
to Geng et al.,”* a greater concentration of CH, gas flow rate
promotes the production of graphene layers. Surface-segregated
Mo could scavenge the carbon surface at lower concentrations
of CH,, resulting in the formation of Mo,C. The Mo,C thickness
was substantially reduced at higher concentrations of CH,
because the graphene layers acted as a blocking layer (Fig. 2b).
Another research also reported graphene/Mo,C hetero-
structures (Fig. 2c and d).**”* This structure demonstrates
a translational staking scheme, with transition defects created
mostly by strained channels in the nanometer range, indicating
certain limits in the structure.

Other researchers have described two-step CVD methods for
graphene/Mo,C heterostructures, in which a Mo layer is placed
beneath the graphene. At a furnace temperature of 1070 °C,
a Cu/Mo substrate was first coated with graphene layers in
hydrogen/Ar atmosphere, followed by the insertion of CH, gas,
which aided in the deposition of the heterostructure. In the
second stage, the graphene-deposited Cu/Mo was heated above
the melting point of Cu (1090 °C) while maintaining other
deposition conditions to develop a-Mo,C crystals below the
graphene layer on the surface of the liquid Cu/Mo substrate
(Fig. 2e-h).” Conversely, the CVD technique was used by Zeng
et al.®® to synthesize an in-plane 2D graphene/TMC (WC/
graphene) heterostructure. To ensure the co-segregation of
carbon and W atoms, Ga was used because it is a metal with

MO | J Mater. Chem. A, 2022, 10, 1105-1149

View Article Online

Review

a low melting point. It was determined that Ga-W was
implanted with a single crystal of WC embedded in graphene
(Fig. 2k and 1). Scanning electron microscopy (SEM) measure-
ments show that the thickness of the single-crystal water-cooled
crystal is 1.4 nm; atomic force microscopy (AFM) measurements
indicate a measurement of 1.36 nm. According to the afore-
mentioned findings, the two-step CVD technique produces 2D
heterostructures of TMC/graphene with fewer flaws than a one-
step CVD process.

Previous studies used magnetron sputtering to synthesize
TMCs.*>7"% By employing DC magnetron sputtering in an Ar
environment at 4.8 mbar, Halim et al.** could deposit TizAlC,
thin films using three metal targets, including Ti (75 nm), Al (50
nm), and carbon (75 nm). However, Ti;C, films were produced
by the successful etching of Ti;AlC, with 50% concentrated HF
and 1 M NH,HF,. With DC magnetron sputtering, they first
created 15-60 nm thick Ti;AIC, films on sapphire (0001)
substrates, and then chemically etched the Al with either HF or
NH,HF,. A Sc-based MXene was produced by Chen et al.”® by
utilizing dual-target magnetron sputtering with a base pressure
of 6 x 10~* mTorr. However, after deposition once a sample is
placed in open air, the ~O- groups interact on the surface to
form -O- terminated MXenes, which exhibit Sc,C, Sc,Co,, and
scandium oxide peaks. Liu et al.*® developed (Mo,C)/fluorine
mica saturable absorber system using magnetron sputtering
under 6.8 x 10~ Pa to maintain the purity of Mo,C. Following
this work, Li et al® prepared a microfiber-based few-layer
Nb,CNb,C saturable absorber (thickness of ~10 nm for 15
layers). They developed microfibers using flame brush tech-
nology, which had a diameter of 18.03 pm, on which Nb,CNb,C
was consistently attached on the cone region of the microfiber.
Wang et al® used a radio frequency magnetron sputtering
technique for the deposition of Mo,C thin films on a silver
mirror substrate.

Owing to their higher yields, template methods are preferred
for the synthesis of MXenes when compared to other CVD
methods.®”’*#* In template methods, the TMCs/TMNs are
synthesized by carbonization or nitridation of the used
template of TMOs. All the properties of the synthesized MXenes
are strictly dependent on the TMOs used. Joshi et al.”® synthe-
sized large-area vertically oriented 2D 3-MoN using a MoO;
template, which was synthesized by the CVD method using
a hot filament (Fig. 3). Xiao et al.*” also used the same template
(hexagonal oxides) to synthesize 2D MoN by heating in NH; and
predicted the synthesis of 2D W,N and V,N. They developed
a salt-templated high-yield strategy for synthesizing 2D MXenes.
Furthermore, Jia et al® used MoO, nanosheets as a template
and dicyandiamide as a carbon and N source to synthesize 2D
N-doped Mo,C. The PEPLD method combines the advantages of
both plasma-enhanced CVD and pulsed laser deposition (PLD)
techniques into a single approach. Zhang et al.®* reported the
deposition of single-crystalline Mo,C ultrathin super-
conducting films by the PEPLD method. The plasma was
generated by a modified PLD system with a high-voltage elec-
trode at the inlet of CH,, which ionized the gas (DC voltage of
500 V was applied). The deposited film had a smooth wide-area
surface with a roughness of 0.3 nm, and the thickness profiles

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Synthesis of 2D MoN: (a) schematic illustration of two-step method; (b) SEM image of 3-MoN on fluorine-doped tin oxide; (c) XRD pattern
of MoN powder and inset showing Tyndall effect of the colloidal solution of MoN; (d) low-magnification transmission electron microscopy (TEM)
images of MoN nanosheets; (e) HRTEM image of 2D MoN indicating single-crystalline hexagonal structure, inset shows SAED pattern of
hexagonal structure of MoN; (f and g) side and top views of the atomic structure of 2D MoN structure; (h) density of states (DOS) model of 2D
MoN (bandgaps are absent in the plot, indicating the metallic characteristics of MoN); (i) schematic figure for plasma-enhanced pulsed laser
deposition system; (j) dimensions of the Mo,C film grown on sapphire; (k) AFM image of large-area Mo,C thin film grown on sapphire substrate;
(1) cross-sectional TEM image; (m) SAED pattern of overlapped area includes substrate as well as grown Mo,C thin film (yellow arrows indicate the
film and red circles indicate the substrate); (n) HRTEM image of Mo,C (inset shows low-magnified TEM image); (o and p) X-ray photoelectron
spectroscopy and XRD analysis of Mo,C samples. (a and b) Are adapted with permission.”® Copyright 2017, American chemical Society. (c—h) Are
adapted with permission.®” Copyright 2017, American Chemical Society. (i—p) Are adapted with permission.®* Copyright 2017, American Physical

Society.

of the substrate and deposited film were examined using
transmission electron microscopy (TEM), revealing a thickness
of ~14 nm. Growth in CH, plasma exhibited Mo*" states with
Mo,C, although some amount of Mo*" also existed, which
reveals that there are certain defects in Mo,C.***

Importantly, the size, shape, and thickness of the crystals
could be adjusted by altering the experimental deposition
conditions, with the nucleation density and lateral size
increasing with increasing temperature and time, respectively.
Although numerous methods for fabricating various types of
MXenes have been discovered, the investigated approaches still
exhibit significant drawbacks, such as increased pollution,
higher costs, poorer yields, high impurity levels, hazardous
ingredients, and poor stability. Thus, high-quality MXenes must

This journal is © The Royal Society of Chemistry 2022

be synthesized in ways that are both cost effective and scalable.
Environmentally friendly etchants and cheap raw materials
should be prioritized to achieve these aims. The fabrication
time and yield should also be considered; consequently, the
focus should be on quick and easy methods for obtaining high
yields. Only a few reports are available on the energy storage
applications of MXenes, which are generally prepared using
bottom-up methods. This may be owing to the lack of surface
terminations and the compact 2D unexfoliated stacking struc-
ture of the MXenes. According to Joshi et al.,” MoN is synthe-
sized through hot-filament vapor deposition of 2D nanosheets
of MoO; and then transformed to 3-MoN. The resulting 2D
layers of 3-MoN have a steady battery capacity of 320 mA h g~*
for Li" storage, with a cycle life of more than 200 cycles without
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deterioration or structural alteration. Xiao et al.*” used 2D MoN
in SC applications and reported a volumetric capacitance of 928
F cm® in a H,SO, electrolyte. The hydrophilic restacked 2D MoN
sheet exhibited an outstanding rate performance.

It is important to understand the advantages and disad-
vantages of both methods for MXene synthesis, i.e., the top-
down and bottom-up methods. Each of the different methods
for MXene synthesis exhibit certain advantages and limitations,
as discussed subsequently.

HF etching. This technique is considerably efficient and
suitable for the synthesis of a wide range of MXene compounds.
This technique also allows for simultaneous intercalation
during etching. However, HF is hazardous in nature; it creates
-F-terminated MXenes, which have a detrimental impact on
application performance; moreover, it necessitates additional
cleaning processes to eliminate in situ generated HF.%*%8

Alkali etching. It is feasible to remove the -F terminals from
MXenes, and the method is safe owing to the absence of fluo-
rine. However, the mechanism of the organic base (TMAOH)
reaction remains unclear. When using inorganic bases, harsh
reaction conditions are required.’®*

Electrochemical etching. To a certain extent, this technique
has control over the surface terminations, and it is safer owing
to fluorine-free synthesis. However, electrochemical processes
require an expensive experimental setup. Limiting the
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Fig. 4 Schematic diagram of the properties of MXenes.
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production of by-products during the reaction necessitates
precise control over the applied bias.*

Molten salt etching. Lewis acidic salts are efficient in the
production of MXenes from MAX phases, including Zn, Ga, and
Si. However, it requires harsh experimental conditions, and the
products will be -F terminated.*

CVD. This method produces ultrathin, high-quality MXenes
while allowing morphological control. However, this is a time-
consuming and low-yield procedure.”

PEPLD. It is feasible to control the crystal structure using
this process; however, the procedure is energy intensive and the
working mechanism is unclear.*

Template-assisted method. Controlling surface terminations
is feasible using this method. However, the template for this
procedure is limited, and it is an energy-intensive operation.*

3. Properties of MXenes

MXenes can be distinguished from other 2D materials, such as
graphene, owing to their unique properties. Their inherent
structural features and excellent performance in different
applications may be tuned through their composition, surface
functionalization, morphology, and crystal structure. Ti;C,T,
MXene shows superior electrical conductivity owing to its
metal-like features and the three layers of metal (Ti) atoms,
which are alternately embedded between carbon layers.

MXene
Properties

This journal is © The Royal Society of Chemistry 2022
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Theoretical and computational investigations have demon-
strated that the number of metal atomic layers affects the
physical, chemical, electrical, and mechanical characteristics of
MXenes. MXenes have a variety of basic characteristics, which is
explored in this section. A diagram illustrating the character-
istics of MXenes that are discussed in this study is shown in
Fig. 4.

3.1 Surface chemistries

Density functional theory (DFT) of MXenes demonstrates that,
MXenes are fully terminated with functional groups, and
a greater negative energy indicates a strong connection between
surface termination groups and transition metals.”* The
MXenes synthesized by etching the MAX phases in aqueous
fluoride-containing acids offer negative terminal hydrophilic
functional groups such as -OH, -F, and -O-. Certain reports
also confirmed that the surface terminal groups of —-Cl and -S
demonstrated a large energy.”” Yang et al® reported the
fluoride-free synthesis of TizC, through the anodic corrosion of
Ti;AIC, in a binary aqueous electrolyte. There are three

View Article Online
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possibilities for functional group attachments on transition
metal: (i) on top of the transition metals, (ii) between the hollow
sites in the top metal, and (iii) in the hollow sites in the stacked
layers of X atoms.*® The bond lengths of Ti-H, Ti-O, and Ti-F
were determined to be 0.97, 1.9, and 2.1 A, respectively;
however, the largest adsorption energy of 7.7 eV was observed
for the —-O- termination, followed by the -F, -OH, -Cl, and -H
terminations.®*** Although excessive efforts were expended for
different synthesis processes and various theoretical calcula-
tions were used to synthesize MXenes without terminations, it
is difficult to synthesize them without terminations.” Some
techniques such as X-ray photoelectron spectroscopy, nuclear
magnetic resonance (NMR) spectroscopy, Raman spectroscopy,
surface acoustic probing, and neutron scattering were imple-
mented to focus on the surface terminations of MXenes.**
Surface terminations are exhibited in three possible ways:
single bonding with one metal atom, symmetrical dual bonding
with two metal atoms, and mirror-like symmetrical boding with
the central metal layer. Based on the simulation results of high-
resolution STEM and HRTEM images, Wang et al.*® concluded
that the —-O- terminations were attached to the top sites of the
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Fig. 5 (a) Typical cases of stacked TizC,T, or V,CT, multilayers with mixed terminations and an AB-stacking arrangement, (b) atomic-resolution
high-angle annular dark-field (HAADF) image of TizC,Br,, and (c) energy-dispersive X-ray elemental analysis (line scan) of TizC,Br, MXene sheets.
(a) Is adapted with permission.®® Copyright 2018, Royal Society of Chemistry. (b and c) Adapted with permission.*** Copyright 2020, American

Association for the Advancement of Science (AAAS).
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middle layer. Conversely, the Ti-based MXenes showed minimal
impact on the fraction of -F terminations owing to changes in
the number of layers (n) or X elements.'® Using NMR spectro-
scopic analysis, Hope et al.®” proved that the -F terminations
were four-fold higher for HF-etched MXenes than for the LiF-
and HCl-synthesized ones. The storage of MXenes is important
for the oxidation of MXenes in the presence of oxidizing agents
in open wet air and at higher temperatures. Karlsson et al.***
proved that the atoms and groups at the surface of MXene
sheets are mobile, showing migration and ripening of termi-
nations as well as TiO, complexes at ambient temperatures. In
conclusion, the physical and chemical properties of MXenes are
significantly affected by surface terminations and the positions
of the terminations. Moreover, altering the surface chemistry of
MXenes may significantly affect the electrochemical properties.
Owing to the chemical etching procedure, the surfaces of
MXenes are coated with surface terminations, primarily -O,
-OH, and -F. Consequently, their composition is severely con-
strained by the distribution control of surface terminations
(Fig. 5a).Pe®®102195 Kamysbayev et al.'®* established a generic
method for attaching and removing surface groups in molten
inorganic salts via substitution and elimination processes. They
reported regarding the tellurium, O, Cl, imido, S, selenium, and
bromine surface terminations of MXenes (Fig. 5b and c).
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3.2 Electronic properties

Generally, MXenes without termination groups exhibit metallic
properties along with a density of states (DOS) at the Fermi
level. The outer terminations of the MXenes perform an
important role in the electronic properties owing to their
alteration of electronic band structures.**'® The surface
termination receives electrons from the transition metal layers,
forming an energy band below the Fermi surface, resulting in
a decrease in the DOS at the Fermi level. The electronic prop-
erties of the exfoliated MXenes primarily depend on the surface
terminations, which were predicted by DFT calculations. The
bandgap of Ti;C, was determined to be zero with finite DOS at
Fermi level; however, with surface terminations, the bandgap
was found to be 0.1 and 0.05 eV for -F and -OH terminations,
respectively (Fig. 7a). Furthermore, the electrical conductivity of
MXenes is also influenced by the terminations. However, the
termination of the -F group for Ti,C showed the Fermi energy
level at the d-band of Ti layers, indicating the metallic behavior
of Ti,CF,. The electrical conductivity is also dependent on the M
elements present in the MXenes; for example, the metallic
conductivity of Ti;C,0, changed to a semiconducting nature for
Mo,TiC,0,."*® Similarly, HF,CO,, ScCX, (X = O, F, OH), and
Zr,CO, are expected to be in the semiconducting groups, but

C 2 V/nm d _2Vnm

SN2 SN

1.855 eV 1.855 eV

/] |
,\\ A\
P Nlrse N

I N
M K r

Energy (eV)
Energy (eV)
Energy (eV)

W Vertical-Ti/MoS,
® Lateral-Mo,C/MoS,

Renannet (A5q7)

Fig. 6 (a) Calculated band structure of single layer MXene with and without terminations; (b—d) band structure of monolayer of Sc,CO, under

various perpendicular external electric fields (the arrows show the carrier recombination pathways and Fermi level set to zero); (e) band
structures of bilayer (2L), trilayer (3L), and bulk Sc,CCl, with HSEO6 primitive unit cells, respectively, and (f) R, for the channel sheet resistance
(Renhannet) attained by four-probe method Ti/MoS, contact and Mo,C/MoS, contact. (a) Adapted with permission.** Copyright 2011, WILEY-VCH,
(b—d) are adapted with permission.’*® Copyright 2014, The Royal Society of Chemistry, (e) is adapted with permission.*? Copyright 2018,
American Chemical Society. And (f) is adapted with permission.*®* Copyright 2018, American Chemical Society.
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MXenes such as M,’'M"C, (where M’ is Mo, W and M” is Ti, Zr,
Hf) showed topological insulator-like properties.'®” To deter-
mine the bandgap responses of the monolayer of Sc,CO, in the
electric field (E-field), the band structures were tested in an E-
field (Fig. 6b-d). These results show a change in the indirect
bandgap energy of 1.830 eV under negative and positive E-
fields.*®® Similarly, the electronic conductivity of MXenes
changes with defects. MXenes can also be classified into
metallic, semi-metallic, and semiconducting forms depending
on their electrical conductivity.’” The electrochemical energy
conversion and storage characteristics of MXenes are altered as
their electrical conductivity varies with surface terminations.
Electrical conductivity is critical for MXene energy storage
applications such as SCs and batteries.*” The most researched
Ti;C,Tx MXene has a greater electrical conductivity than other
2D metal hydroxides and sulfides; moreover, electrical
conductivity is predominantly influenced by surface
morphology and surface terminations. For example, delami-
nated Ti;C,T, flakes with certain defects have a conductivity of
9880 S cm™', whereas graphene has a conductivity of
6000 S cm ' and extremely defective HF-treated Ti;C,T,
powders have a conductivity of 1000 S ecm™*.*° Currently, the
electronic properties of Ti,CTx, TizC,Tx, TiNbCTx, TizCNTy,
Mo,CTx, Mo,TiC,Tx, Ta,C;Tyx, and Mo,Ti,C;Tx have been
investigated.’"*>3*°%11 Based on the optimized crystal struc-
tures, TizC,(OH), MXene was investigated by considering the
valence electron density. Xu et al” reported the super-
conducting characteristics of ultrathin «-Mo,C crystals. This
work reported the temperature-dependent resistance of 7.5 nm
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thick a-Mo,C sheets in different magnetic fields along with an
excitation current of 1 pA. The zero-field resistance begins to
decline around 3.3 K and drops to zero at 2.76 K, indicating the
commencement of superconductivity, according to this study.
The existence of interlayer decoupled electronic structure in
few-layer and bulk Sc,CCl, investigated by varying band gaps of
0.796-0.84 eV (PBE level)/1.63-1.672 eV (HSE06) (Fig. 6e).'?
Furthermore, Jeon et al.** reported the carburization of MoS,
forms an automatically the heterojunction of Mo,C/MoS, and
its proved that the lateral contact shows lower contact resis-
tance compared with the vertical one (Ti/MoS,) (Fig. 6f).

3.3 Optical properties

The nonlinear (nonlinear refractive index, saturable absorption)
as well as linear optical properties of MXenes are predominantly
reliant on the electronic properties, including energy bandgap,
direct and indirect bandgaps, and certain dielectric (¢) or
refractive index (n) factors. The optical properties of the
medium can be expressed using the dielectric function, i.e., &(w)
= &1(w) + i &y(w), where w is optical frequency and ¢; and ¢, are
the real and imaginary parts, respectively. Commonly, the
imaginary part is calculated by summation along with empty
states by referring to the following equations.***

2.0
&(w) = % Z<kna|pi|kn’a >
fenn &

X <kn’a|pi\kna>kkn (1 —f,'m/) 5<ekn’ — ekn — h’w) (7)
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(a) Imaginary parts of dielectric constants of Ti,CO,, ZrCO, and Hf,CO, (a—c) optical absorbance spectra for few-layers and for bulk, and

(b) Sc,CCl, for light in the Z direction and polarization in the in-plane direction, (a) is adapted with permission.*'® Copyright 2016, Royal Society of
Chemistry, and (b) is adapted with permission.*> Copyright 2018, American Chemical Society.
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Fig. 8 (a) TG-DTA curves of TizC, (room temperature to 1200 °C in Ar atmosphere), (b) SEM image of TizC,T = after thermal treatment at
1000 °C in oxygen atmosphere, and (c) TG and DSC curves of MXene in oxygen atmosphere. (a) Is adapted with permission.*?* Copyright 2016,
Elsevier, (b and c) are adapted with permission.*?> Copyright 2015, Elsevier.

here, e, Q, m, fi,, and (kno) are the electron charge, crystal
volume, mass, Fermi distribution, and crystal wave function,
respectively. The real part of the function can be calculated
using the imaginary part by applying Kramers-Kronig trans-
formation.'*® Then, based on the dielectric function, the
absorption/gain coefficient, reflectivity, and refractivity can be
predicted using standard optical relationships. Lashgari et al.***
reported the optical properties of pristine Ti,C, Tiz;C,, Ti,N, and
T3N, using random-phase approximation. As the above-
mentioned materials show metallic properties, they do not
show the optical bandgap for the imaginary part of the dielectric
function. It was reported that the surface termination of -O-
and pristine MXenes show higher absorption coefficients than
the -F and -OH terminations (Fig. 7a). These changes in the
optical properties with changes in the terminations of the
MXenes perform an important role in tuning the optical prop-
erties with terminations. The -O-functionalized MXenes of
Ti,CO,, Zr,CO,, and Hf,CO, showed visible-light absorption
with a large area of ¢,(w) curves. The absorption coefficients of
Ti,CO, were higher than those of Zr,CO, and HfCO,."*°
Satheeshkumar et al.*"” reported the absorption properties of
Ag, Au, and Pd@MXene nanosheets (Fig. 8c). The colloids of
MXenes with Ag, Au, and Pd exhibit high absorption in the
ultraviolet region (225-325 nm); these absorption properties
correspond to the bandgap energy of the oxidized MXenes.
Zhou et al.™** analyzed the absorbance spectra of Sc,CCl using
GW + PRA/BSE to determine the light absorbance and quasi-
particle bandgap (Fig. 7b). The measured absorbed photon
flux values of 7.80, 4.51, and 1.32 mA ecm 2 for 3, 2, and 1L,
respectively, signify the light-harvesting capacity of the
material.

3.4 Mechanical properties

Because of their composition, surface functional groups, and
number of atomic layers, MXenes have a high Young's modulus
of 400-1000 GPa, which is significantly higher than that of their
conventional MAX phases. MXenes with surface terminations
are mechanically more flexible than pristine MXenes. Lipatov
et al."® investigated the elastic properties of 2D Ti;C,Tx MXene
monolayers and bilayers accompanied by the tip of an atomic
force microscope to track the force-displacement curves. The
Young's modulus of a monolayer of Ti;C,Tx was observed to be

M6 | J Mater. Chem. A, 2022, 10, 1105-1149

0.33 TPa."® The calculated value of the Young's modulus is
considerably near the expected value of the intrinsic in-plane
value for a freestanding Ti;C,Tx monolayer. Because of the
shrinkage and stretching of Ti-C bonds, Ti;C, could maintain
strains of 18 and 17% under uniaxial tension, while it showed
9.5% strain under biaxial tension along the x- and y-axes,
respectively.'*® With surface terminations, these values become
28, 26.5, and 20%, respectively, owing to strong covalent bonds.
In conclusion, surface terminations are the primary factors that
alter the elastic stiffness of Ti;C,T, nanosheets. The mechanical
parameters of TizC,Tx can be improved by using polymers such
as chitosan and polyethylene. With the introduction of chito-
san, the tensile strength of samples can be expanded up to 8.2-
43.5 MPa."* Ling et al.** reported that Ti;C,Tx/polyvinyl alcohol
(PVA) composite demonstrated good electric conductivity and
mechanical properties. The delaminated monolayer MXene
possesses good mechanical flexibility.'* Measuring the Young's
modulus of vacuum-filtrated delaminated MXene solution is
relatively simple; however, it is difficult to measure the Young's
modulus for mono/bilayers. Recently, Xu et al.*** investigated
the tensile and electrochemical performance of MXene/carbon
nanotube (CNT) films. The MXene film showed the lowest
elongation and strength before an increase in the CNT content,
with a continual increase in strength and a drop in elongation
following an initial increase with the increase in CNT. They
reported approximately 19-51.4 MPa tensile strength for MXene
and MXene/CNT, with an elongation of 0.24-0.73%. They
observed that the sample with 40.9 MPa strength and 0.73%
elongation had better electrochemical performance, with
a specific capacitance of 423.4 F ¢~ " and charge transfer resis-
tance of 0.091 Q.

3.5 Thermal properties

The thermal stabilities of the solution and thin-film MXenes are
important factors for the longer lifetime of MXenes. It was
observed that the thermal stability of the MXenes strictly
depends on the chemical composition, surface terminations,
and surrounding conditions.'*® However, Wang et al.'** reported
that Ti;C,Tx MXenes are thermally stable up to 500 °C, whereas
Ti;C, hexagonal crystals are stable at 800 °C under Ar atmo-
sphere. The thermogravimetry/differential thermal analysis
curves of 2D Tiz;C, nanosheets from room temperature to

This journal is © The Royal Society of Chemistry 2022
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1200 °C in an Ar atmosphere are shown in Fig. 8a. Weight loss
was observed in all three stages. The weight loss observed in the
third stage at temperatures ranging from 800 to 1200 °C was due
to the removal of surface terminations such as -F, -O-.
However, in an O atmosphere, the Ti;C,Txy MXenes oxidize to
form anatase TiO, at 200 °C, while they are completely oxidized
at 1000 °C to form rutile TiO, (Fig. 8b and c)."* Furthermore,
the thermal properties of the MXenes are dependent on the
lateral size of the nanosheets. The thermal stability of the
Hf,CO, is 86.25 W m~ " K ' for 5 um flakes, whereas it is
131.2 W m ' K for 100 pm."'%*?¢ Kong et al.**’ investigated the
improvement in the electrochemical performance of Ti;C,
MXene for Li-ion batteries (LIBs) through the vacuum calcina-
tion. The surface Ti;C, MXene was stable up to 429.9 °C,
whereas rutile TiO, is the oxidation product at 1200 °C. They
investigated TizC, MXene with a higher capacity of
12.4 mA h g ' at 1C and superior rate performance after
vacuum calcination at 400 °C. However, the dense microstruc-
ture of the TiC, formed after calcination at 1000 °C showed the
worst electrochemical performance.

4 State-of-the-art achievements of
MXenes in electrochemical energy
storage

Globally, the regular consumption of fossil fuels has resulted in
greenhouse effects and climate change. Thus, countries over
worldwide are focusing on the progression of sustainable
energy storage to ease the dependence on fossil fuels. The
development of trustworthy and environment friendly energy
storage devices is crucial for a sustainable society. SCs and
rechargeable batteries are becoming a significantly important
part of our daily lives because of their high energy and power
densities for powering various electronic gadgets, hybrid elec-
tric vehicles, and many miniaturized devices."***° As we know
that the performance of energy storage devices depends
primarily on active electrode materials, electrode materials
must possess reversible redox reactions, numerous surface-
active sites, easy access to electrolyte ions, long-term stability,
and good electrical conductivity."** Since the previous decade,
most of the energy storage devices have employed carbon-based
materials as they show excellent electrochemical performance
and superior mechanical strength. Other 2D materials such as
TMDs, black phosphorene, and silicane also demonstrate
superior energy storage performance because of their high
specific surface area and short diffusion pathways."*> The 2D
materials possess one atomic layer thickness, numerous elec-
troactive sites, and superior mechanical properties, which fulfill
the requirements of typical energy storage devices.™* Moreover,
newly existing MXenes display large intrinsic specific surface
areas, superior electrical conductivity, good mechanical
strength, and they are significantly promising candidates for
energy storage devices such as SCs and rechargeable
batteries.”® In this section, we outline current research
advances on MXenes and their derivatives for SCs and
rechargeable batteries. As active electrode materials, MXenes

This journal is © The Royal Society of Chemistry 2022
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have good application prospects and are considered as leading
contenders in the energy storage field.

4.1 MXenes and their derivatives for supercapacitors

SCs have attracted significant research interest owing to their
fascinating features such as high-power density, fast charge/
discharge rates, and long-term stability. According to the
energy storage mechanism, SCs can be classified into two major
categories: EDLCs and pseudocapacitors.'*® EDLCs store energy
via the physical adsorption of electrolyte ions at the interface
without faradaic reactions.”® Consequently, EDLCs have a rela-
tively long cycling life and the energy storage process is highly
reversible. When compared to EDLCs, pseudocapacitors store
energy through the transfer of charge between the surface of the
electrode and the electrolyte, thereby involving reversible redox
reactions.”” Therefore, pseudocapacitors exhibit higher capac-
itance and energy density than EDLCs as the redox reactions
occur both on the surface of electrodes and in their bulk.
However, pseudocapacitors often suffer from inferior rate
capability and sluggish cycling stability owing to the kinetics of
regular redox reactions. To overcome these issues, hybrid SCs,
with a combination of both faradaic and non-faradaic mecha-
nisms of charge storage, have been proposed to provide high
energy density without surrendering other features such as
power density and cycling stability. MXenes with open tunnels
can be instinctively intercalated by metal ions and organic
molecules. These promising features of MXenes with their
hydrophilic surfaces make them active materials for high-
performance SCs. The porosity, interlayer spacing, and
surface functional groups significantly influence the perfor-
mance of MXene-based electrodes in SCs. The large interlayer
spacing of MXene assists the easy intercalation of metal ions or
organic molecules. Among the MXene family, Ti;C,T, has been
widely employed for SCs owing to its eminent etching condi-
tions and the detailed theoretical and experimental aspects of
its energy storage performance.

The restacking of Ti;C,T, MXene nanoflakes was signifi-
cantly reduced, and layered Ti;C,T, films were prepared by Xu
et al.™®® using a modified electrophoretic deposition method
(Fig. 9a). The periodic 2D interlayer structure of Ti;C,T,
significantly improved ion and electron transportation (Fig. 9b-
j). Cation intercalation into Ti;C,T, in an alkaline electrolyte is
generally recognized as an electrochemical redox reaction on
the surface, which depends on the change in the oxidation state
of Ti.

Ti3C2OX(OH)yF: + oe + (SKJr i K5Ti3C20x(OH)yF: (8)

The H' cations formed after the dispersion of TizC,T,
nanoflakes into an iodoacetone solution were intercalated into
the TizC,T, layers. A maximum specific capacitance of 140 F g~
at 5 mV s ' was obtained for the sample with 1.2 mg mass
loading and 78.5% charge was maintained at a scan rate of
50 mV s~ '. The gravimetric capacitance of MXene-based mate-
rials is still low; therefore, researchers are attempting to
enhance the capacitance by increasing the number of surface-
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Fig. 9 (a) Schematic protocol for the synthesis of TizC,T,-based electrode; (b) molecular structure model of single-layer d-TizC,T,; (c) XRD
patterns; (d—g) SEM and TEM images of TizC,T, nanoflakes; (h) cyclic voltammetry (CV) curves at different scan rates; (i) galvanostatic charge/
discharge (GCD) curves at different current densities; (j) gravimetric capacitances of the prepared four different d-TizC,T, films and the TizC,T,/
carbon black-polytetrafluoroethylene electrodes versus scan rate. (a—j) Are adapted with permission.**® Copyright 2017, Elsevier.

active sites. The energy storage performance of MXenes is
strongly dependent on the surface terminal groups. The
removal of surface functional groups -F and -OH affect the
transportation of electrolyte ions, which decreases the energy
storage capability. Till date, the highest gravimetric capacitance
of 245 F ¢~ ! has been reported for pristine MXene."” Lukatskaya
et al.™® reported the capacitive mechanism of Ti;C,T, MXene
through in situ X-ray absorption spectroscopy. The authors
determined that the pseudocapacitance of Ti;C,T, MXene was
initiated by the surface redox reactions of Ti species. The charge
transport in the SC electrode is assisted by the increase in the
interlayer spacings of Ti;C,Tx MXene.

Cation intercalation and surface modification of MXenes
were reported to be effective methods for improving their
performance. K-ion intercalation in Ti;C,T, MXene increases
the interlayer spacing to 0.77 nm, where -OH/-F terminated
MXene sheets have initial spacing of 0.2 nm."* The schematics
of the synthesis procedure are shown in Fig. 10a. The X-ray
diffraction (XRD) results demonstrated broadening and a shift

M8 | J Mater. Chem. A, 2022, 10, 1105-1149

to lower 26 for the (002) phases with K-ion intercalation, indi-
cating that lattice expansion occurs along the c-axis (Fig. 10b).
K-ion-intercalated MXenes were annealed at 400 °C in an Ar
environment to remove the surface functional groups,
increasing the interlayer voids from 4.8 to 7.7 AU (Fig. 10c-f).
The K-ion-intercalated Ti;C,T, MXene showed a gravimetric
' (Fig. 10g and h). The electrode
exhibited good reversibility during the charge/discharge
process and outstanding stability with 99% capacity retention
over 10 000 cycles (Fig. 10i). Similarly, cation (Na*, Mg", and Li")
intercalation in delaminated d-V,CT, MXene was studied by

capacitance of 517 F g~

Mohammadi et al.**> They observed that cation intercalation is
considerably significant in altering chemically unstable MXenes
to highly stable electrodes to enhance the electrochemical
performance of V,CT,. The schematic protocol for cation
intercalation into diluted V,CT,, which results in water disper-
sion, is shown in Fig. 11a. The electrostatic attraction between
positively charged cations and negatively charged MXenes
forms multilayer V,CT, MXene (Fig. 11b-d). The XRD patterns

This journal is © The Royal Society of Chemistry 2022
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1A g7t (a—i) Are adapted with permission.**® Copyright 2017, WILEY-VCH.

for cation-intercalated V,CT, MXenes show small variations in
peak positions related to the (0002) plane (Fig. 11e). When
compared to all cations, Na-intercalated V,CT, MXenes
demonstrated a larger interlayer spacing of 1.26 nm; conversely,
Li-intercalated V,CT, MXenes showed smaller interlayer
spacing. The Na-intercalated V,CT, MXene electrode showed
a maximum specific capacitance of 285 F g~' in the ZnSO,
electrolyte (Fig. 11g). The electrode exhibited superior cycling
stability after 10 000 cycles (without loss of capacitance),
whereas the electrode retained 77% capacity retention after 1
million cycles at 100 A g~* (Fig. 11h).

Similar to other 2D materials, the restacking of MXene layers
during their synthesis is one of the biggest concerns that
minimizes the active surface area and accessibility of electrolyte
ions. To avoid restacking and improve the electrolyte ion
accession, modification of the MXene layer was performed. Zhu
et al.*** developed expanded MXene and MXene foam using
a hard template and pore forming method, as illustrated in
Fig. 12a. Authors used MgO as a hard template to avoid the

This journal is © The Royal Society of Chemistry 2022

restacking of MXene layers. The XRD pattern showed the
influence of the hard MgO template on the structure of exfoli-
ated MXene, with a strong low-angle shift in the (002) peak
(Fig. 12b). The XRD pattern showed a high-angle shift in the
(002) peak for the MXene foam, indicating a decrease in inter-
layer spacing owing to the hydrolysis of H,O molecules in the
MXene layers during annealing (Fig. 12c). The MXene foam
electrode showed a maximum specific capacitance of 203 F g%,
while the pristine MXene and expanded MXene electrodes
exhibited specific capacitances of 80 and 112 F g~ ', respectively.
The avoidance of the restacking of MXene layers increases the
utilization of the active surface area and improves the diffusion
and transportation of electrolyte ions (Fig. 12f-h).

Activated carbon (AC) cloth was prepared by treating carbon
cloth with potassium permanganate, which demonstrated
improved specific area, O-containing functional group, hydro-
philicity, and electrical conductivity. The coating of Ti,C,T, on
such AC cloth resulted in a capacitance of 1033 mF cm™? at 1
mA cm™ 2. Zhao et al.'* reported the synthesis of a Nb,C;T,

J. Mater. Chem. A, 2022, 10, 105-1149 | 1119
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nanosheet film with 1.77 nm interlayer spacing. The SC
performance of the Nb,C;T, electrode was tested in acidic,
alkaline, and neutral electrolytes. Nb,C;T, showed volumetric
capacitances of 1,075, 687, and 506 F cm > in 1 M of H,SOy,,
KOH, and MgSO,, respectively. Earlier reports showed that the
incorporation of graphene nanosheets between MXene flakes is
a significantly effective strategy to restrain the self-restacking of
MXene flakes. Fan et al.** reported the preparation of MXene/
holey graphene composite film through a filtration method
followed by annealing treatment. Holey graphene impedes the
agglomeration of MXene and creates a highly connective
network. The composite film electrode exhibited a high volu-
metric capacitance of 1445 F ecm™>. The in situ growth of mul-
tiwalled carbon nanotubes (MWCNTs) on carbon-cloth-
supported MXene is promising for flexible SCs.**” The
MWCNTs prevent the restacking of MXene and act as intra-
particle and interparticle charge collectors. The electrode
exhibited an areal capacitance of 114.58 mF cm > at a current
density of 1 mA cm™>. Furthermore, a Ti;C,T,/reduced gra-
phene oxide (rGO) composite electrode that was prepared by
Zhou et al.** demonstrated a capacitance of 49 mF cm™ > and
superior electrochemical and mechanical stability under cyclic
uniaxial (300%) and biaxial (200% x 200%) strains. Yu et al.**®
prepared MXene-bonded AC electrodes, where AC particles were
encapsulated into MXene layers to form binder-free electrodes.
The MXene-bonded AC electrode achieved specific capacitance
of 126 F ¢~ ! at a current density of 0.1 A g™".

Owing to the outstanding metallic conductivity, hydrophilic
surface, and mechanical properties of MXenes, MZXene

120 | J Mater. Chem. A, 2022, 10, 1105-1149

composites with polymers enhances the mechanical and
thermal properties of polymers.**® Fu et al.*>* developed a facile
synthesis approach to develop graphene-encapsulated Ti,CTy
MXene@polyaniline (GMP) composite with improved electro-
chemical performance. The schematic protocol for the
synthesis of GMP is shown in Fig. 13a. An accordion-like
morphology with well-stacked nanosheets was observed for
pure Ti,CT, MXene, whereas for Ti,CTx MXene@polyaniline
(MP), polyaniline (PANI) granules were uniformly grown over
Ti,CTx MXene, maintaining well-stacked nanosheets (Fig. 13b—
d). For the GMP composite, chemically converted graphene
(CCG) sheets covered the MP nanostructure well. Moreover,
TEM images evidently proved that the composite material was
composed of three different materials, i.e., outer CCG sheets,
central PANI, and interior accordion-like MXene, with an
interlayer spacing of 1.32 nm related to the (0002) plane of
MXene (Fig. 13e-g). Benefiting from the three different mate-
rials, the GMP composite provides a large surface area for
electrolyte ion accession and high conductivity. The GMP elec-
trode achieved a maximum specific capacitance of 635 F g~ at
a current density of 1 A ¢~ and superior capacity retention of
97.54% over 10 000 cycles (Fig. 13h-j). Moreover, conjugated
microporous polymers (CMPs) have various advantages over
traditional polymers, such as low cost, high specific surface
area, and three-dimensional (3D) network structure. However,
the poor electrical conductivity of CMPs hinders their wide-
spread application in various fields. Yang et al.*** constructed
MXene-based CMPs through covalent sandwiching of MXene
between CMPs to improve the stability of MXenes and

This journal is © The Royal Society of Chemistry 2022
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conductivity of CMPs. The MXene-CMP electrode exhibited
improved structural properties and rich O-containing
redox-active functional groups. Le et al.**® reported the in situ
synthesis of Ti;C,T,@polypyrrole nanowires, which effectively
prevented the aggregation of Ti;C,T, and enhanced the
performance of SCs. The Ti;C,T,@polypyrrole nanowires
exhibited a specific capacitance that was five times higher than
that of pristine Ti;C,T, and 100% capacity retention over 14 000
cycles. The intercalation of polypyrrole into layered Ti;C,T, by
electrochemical polymerization enhances the capacitance of
polypyrrole from 150 to 203 mF cm~> and demonstrates 100%
capacitance retention after 20 000 cycles."*

Lu et al*™ designed Ni,Co-LDHs@AL-Ti3;C,-MXene
sandwich-type composite. The synthesis protocol for the
sandwich-type composite is shown in Fig. 14a. The surface of
the  Ni,Co-LDHs@AL-Ti;C,MXene composite exhibited

This journal is © The Royal Society of Chemistry 2022

a honeycomb-like morphology with 2D sheets covered by
vertical ultrathin layers. The Ni,Co-LDH sheets with 80 nm
thickness uniformly covered the complete three-layer Ti;C,
MXene (Fig. 14b-d). In the XRD pattern, the shifting of the (002)
peak of Al-Ti;C, MXene towards a lower angle indicates an
increase in the interplanar spacing. However, owing to the thick
coating of Ni,Co-LDHs over AL-Ti;C,-MXene, the composite
material showed an absence of the (002) peak. Moreover, DFT
calculations proved that the flexible interfaces lower the
hydrogen adsorption energy (1.67-1.47 eV), indicating easy
hydrogen desorption on the surface of Ni,Co-LDHs facilitating
redox reactions. From Ni,Co-LDHs to Al-Ti;C, MXene, 1.07
electrons were transferred per unit cell, causing movement of
the Fermi level owing to the electron-rich Al-Ti;C, MXene and
hole-rich Ni,Co-LDHs. An increase in the DOS of Ni,Co-
LDHs@AL-Ti;C,MXene than that of the pristine Ni,Co-LDHs

J. Mater. Chem. A, 2022, 10, T105-1149 | 1121
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surrounding the Fermi level confirmed the increased conduc-
tivity and charge transfer kinetics of the composite (Fig. 14e-h).
The electrode demonstrated typical battery-type behavior with
strong reversible redox reactions of Ni**/Ni** and Co®"/Co*
(Fig. 14i-k). The Ni,Co-LDHS@AL-Ti;C,MXene electrode ach-
ieved the highest specific capacity of 227 mA h g¢~" at a current
density of 1 A g~'. Furthermore, the Ni,Co-LDHs@AL-Ti;C,
MXene electrode demonstrated 90% capacitance retention after
10 000 cycles, which is significantly high when compared to that
of pristine Ni,Co-LDHSs (17%).

Using magneto-hydrothermal synthesis, 2D/2D 1T MoS,/
Ti,C,T, heterostructure was prepared, which combines the
features of each 2D material and shows improved electro-
chemical properties.’ The 1T MoS,/Ti,C,Tx exhibits a specific
capacitance of 386.7 F ¢~ ! at a current density of 1 A g™ * and
outstanding rate performance. Rakhi et al' synthesized
nanocrystalline e-MnO, nanowhiskers on MXene surfaces (e-
MnO,/Ti,CTx and &MnO, Ti;C,T,) for aqueous SCs. Authors
observed that e-MnQO, nanowhiskers increased the surface area
and enhanced the specific capacitance by three times when
compared to pristine MXenes. To improve the conductivity and
stability of WO;, Ambade et al'® developed WO;-Ti,CTx

M22 | J Mater. Chem. A, 2022, 10, 1T105-1149

hybrids via a one-step hydrothermal method. The comparison
of the electrochemical performance reveals almost double the
specific capacitance than the hybrid electrode. The MXe-
ne@poly (diallyldimethylammonium chloride) (PDDA)/
NiAl-LDH hybrid electrode prepared by an electrostatically
assembled approach combines the high electrical conductivity
of MXene and high redox activity of PDDA/NiAl-LDHs.'* The
electrode achieved a high specific capacitance of 1825.8 Fg~ ' at
a current density of 1.0 A g~ and superior cyclic stability with
only 0.9% degradation after 5000 cycles. Flexible hybrid paper
with Fe,O; nanoparticles anchored on Ti,C,T, was prepared by
electrostatic self-assembly followed by an annealing process.*®*
The interlayer spacing between Ti,C,T, layers was significantly
increased by the incorporation of Fe,O; nanoparticles with
more electrochemically active sites. The Fe,0;-Ti;C,T, elec-
trode achieved a wide potential window of 1 V and high volu-
metric capacitance of 2607 F cm °. Similarly, NiMn-LDH/
MXene,'*  CoFe,0,/MXene," and TizC,/NiCoAl-LDH"*
composites were prepared for SCs.

Heteroatom doping is one of the most effective approaches
for enhancing the electrochemical performance of SC elec-
trodes. The doping of foreign atoms can significantly reduce the

This journal is © The Royal Society of Chemistry 2022
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restacking of MXene layers and increase the interlayer distance.
Pan et al*** developed a simple synthesis approach to pre-
pare N, O co-doped C@Ti3;C, MXenes through in situ polymer-
ization in Ar and NH; atmospheres (Fig. 15a). SEM images of
the synthesized samples are illustrated in Fig. 15b-d. The
presence of O-doped carbon enhances the hydrophilicity of the
material, while N-doped carbon acts as an electron donor,
which significantly helps in the displacement of the Fermi level
and improves the conductivity of the material. The XRD pattern
reveals lower angle shifting of (002) peaks of mixtures of Ti;C,
and AC after sintering by 2.3°, indicating an increase in the
interlayer spacing to 1.34 nm after polymerization (Fig. 15e).
Raman analysis showed I/ ratios of 1.62, 1.51, 1.43,1.18, and
0.31 for AT2-NH; AT2-Ar, Ti;C,-NH; Ti;Cy-Ar, and TizC,,
respectively (Fig. 15f). Fig. 15g shows the reversible redox
reactions associated with the Ti;C, and N and O dopants in the
carbon material. The composite shows the presence of more
defects in the carbon material due to the presence of N and O
doping after calcination in the NH; atmosphere. The N, O co-
doped C@Ti;C, MXene electrode showed a high specific
capacitance of 260.5 F ¢~ which is 3.5 times higher than that
of pure Tiz;C, (Fig. 15i) and 94% capacity retention after 5000
cycles. Lu et al.'® comprehensively illustrated the N doping
mechanism in TizC,T, using theoretical simulations and
experimental studies. The N atoms can be accommodated into
three possible sites in TizC,T,, ie., lattice substitution (for
carbon), functional substitution (for -OH), and surface
absorption (for -O). All three N dopants are favorable for
enhancing the specific capacitance of TizC,T,. Li et al'®

This journal is © The Royal Society of Chemistry 2022

successfully demonstrated the intercalation of different metal
ions into the Ti;C,T, electrode in different neutral multivalent
electrolytes. Different metal ions, such as alkaline earth metal
ions (Be?*, Mg>*, Ca”"), lanthanide ions (Gd**, Tb*", Ho>")
transition metal ions (Ag*, Cu®", Mn**, Cr**, Fe**), and post-
transition metal ions (AI’*, In**) were intercalated into the
Ti;C,T, multilayers. Among all the intercalated metal ions, Be'-
Ti;C,T, and AI**-Ti;C,T, electrodes are favorable for the charge
transfer process. Be®"-Ti;C,T, electrode demonstrates the
highest capacitance and high-rate performance in different
electrolytes with highest volumetric capacitance of 591.4 F cm >
in ZnSO,. Three-dimensional MXene/N-doped carbon foam
(MXene/NCF) prepared using one-step pyrolysis combines
various features to enhance the conductivity and hydrophilicity.
The MXene/NCF electrode demonstrates gravimetric and volu-
metric capacitance of 332 F g”* and 3162 mF ¢cm >, respec-
tively."” Ag nanoparticle-decorated Tiz;C,T, hybrid film
electrode achieved a high specific surface area of 107 m> g~
and areal capacitance of 332.2 mF cm ™ 2.%%®

MZXenes show outstanding electrochemical performance as
active materials for SCs owing to their superior features of good
flexibility, hydrophilicity, and layered 2D structure. Presently,
various studies have been conducted on their applications in
different SC devices, such as symmetric, asymmetric, hybrid,
and micro-SC (MSC) devices. This section comprehensively
discusses the recent processes in MXene-based SC devices.

4.1.1 MXene-based symmetric supercapacitor devices.
MXene-based symmetric SCs have been extensively studied. The
utilization of fiber substrates for SCs is not new; however, the
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(a—i) Are adapted with permission.*** Copyright 2019, Elsevier.

assembly of MXene-based fibers in a regular arrangement is still
challenging owing to the insufficient interlaminar interactions
between MXene sheets. Yang et al.'** reported a wet-spinning
strategy for the continuous fabrication of MXene-based fibers
based on the synergistic effect between graphene oxide liquid
crystals and MXene sheets. All solid-state MXene fiber-based
symmetric SCs show volumetric capacitance of 586.4 F cm ™.
Ti;C,Ty-based symmetric SCs developed by Tian et al.*® show
an unequal split in the voltage between the positive and nega-
tive electrodes in H,SO, electrolyte. After the incorporation of
redox-active electrolyte, symmetric SCs achieved a volumetric
energy density of 33.2 W h L™ and maintained 113.5% of the
initial capacity after 10 000 cycles. Furthermore, TizC,T,//
Ti;C,T, symmetric SCs fabricated by Xia et al'® revealed
a volumetric specific capacitance of 27.4 F ecm ™ at 0.25 A g™,
and 96.6% capacitance retention after 5000 cycles. Polypyrrole/
Ti;C,T, nanocomposite electrodes were fabricated through the
in situ polymerization of symmetric SCs. The SCs deliver energy
density of 21.61 W h kg™ " at a power density of 499.94 W kg™"
with 73.68% capacitance retention after 4000 charge and
discharge tests.””* Ramchandran et al.*”*> developed MXene/non-
peripheral octamethyl-substituted copper(u) phthalocyanine (N-
CuMe,Pc) composite for SCs. The incorporation of redox-active
N-CuMe,Pc into MXene leads to a large surface area and
surface-active sites for electrochemical reactions. The
symmetric SCs showed an energy density of 8.84 W h kg~ ' with

124 | J Mater. Chem. A, 2022, 10, 1105-1149

a power density of 112.3 W kg™ and cyclic stability of 92.3%
after 20 000 cycles. An all-solid-state flexible symmetric SC
based on 1T MoS,/Ti;C,T, demonstrated areal capacitance of
347 mF cm ™2 at 2 mA cm ™2, high energy and power densities
with 98.6% initial capacitance after 10 000 cycles, and only 8.9%
loss after 20 000 cycles.'”® Symmetric solid-state SCs with Fe,O3—
Ti,C,Ty achieves energy density of 29.7 W h L™ and superior
mechanical flexibility.**

4.1.2 MXene-based asymmetric supercapacitor devices.
The energy density of MXene-based symmetric SCs is signifi-
cantly low, as the voltage window obtained with MXene elec-
trodes in aqueous electrolytes is not wide. Therefore, an
asymmetric SC design is a trustworthy choice to attain a high
energy density. Generally, carbon-based materials have been
utilized as negative electrodes to construct asymmetric SCs with
pseudocapacitive and battery-type materials as positive elec-
trodes. However, the capacitance of such asymmetric SCs is not
satisfactory because low-capacitance carbon materials cannot
compete with high-capacitance positive electrodes. As MXene is
a pseudocapacitive material that works in a negative voltage
window, combining it with other positive pseudocapacitive and
battery-type electrode materials can broaden the voltage
window to attain high capacitance and energy density."”*'”> Li
et al.V’® successfully attained high volumetric energy and power
densities with flexible asymmetric SCs with Ti;C,T, as the
negative electrode and rGO/CNT/PANI as the positive electrode

This journal is © The Royal Society of Chemistry 2022
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(Fig. 16a). The device delivered a volumetric energy density of 70
W h L™ at a power density of 111 kW L™ in H,SO, aqueous
electrolyte, while in PVA/H,SO, gel electrolyte, a volumetric
energy density of 63.5 W h L™ at a power density of 34.3 kW
L' Jiang et al.'”” fabricated asymmetric SCs with Ti;C,T, as the
negative electrode and RuO, as the positive electrode (Fig. 16b).
The prepared RuO,//Ti;C,T, asymmetric device achieved
a voltage window of 1.5 V and demonstrated an energy density
of 37 pyW h em™? at 40 mW cm 2. This device exhibits the
limitations of high cost of RuO, and poor cycling stability of
polymers; alternatively, high-performance asymmetric SCs can
be achieved using redox-active electrolytes. Hydrogen-ion
aqueous-based asymmetric SCs were constructed using
a redox-active hydroquinone-H,SO, electrolyte with CNT as the
positive electrode and TizC,T, as the negative electrode
(Fig. 16c¢)."”® The prepared device worked in a large potential
window of 1.6 V and delivered a high energy density of
62 W h kg™ ' at a power density of 281 W kg~ '. The authors
proved that the incorporation of a redox-active electrolyte
improves the overall performance of asymmetric SCs. All-
pseudocapacitive organic-inorganic asymmetric device con-
structed with MXene cathodes and rGO-polymer anode worked

This journal is © The Royal Society of Chemistry 2022

in a voltage window of 1.45 V in 3M H,SO, electrolyte and
delivered energy density of 14 W h kg~ ' Moreover, asym-
metric SCs based on MXenes, but without the aforementioned
limitations have also been fabricated such as, MXene/CoS,//
rGO,"™®  polyaniline/MXene//MXene,"”**  Co;0,-MXene/rGO//
AC,™  Ti;C,/CuS//TisC,,** and Ti;C,/NiCoAl-LDH//AC.**
Further, owing to their high conductivity, MXenes can be easily
coupled with poor-conductivity metal oxides to improve elec-
tron transfer. MXene ink was easily coated on Fe,0;-coated
carbon cloth. Asymmetric SCs fabricated with MnO, as the
positive electrode and MXene/Fe,O; as the negative electrode
revealed energy density of 1.61 mW h cm > at power density of
459.47 mW cm>.1#2

In addition to using aqueous or solid-state electrolytes, metal-
ion containing organic electrolytes (Li, Zn, Na, K, etc.) can be used
for asymmetric SCs to gain a high operating voltage window as
the metal ions can reversibly interact with MXene and store
pseudocapacitance in organic electrolytes. Yu et al.'®* developed
an asymmetric Li-ion capacitor using TizC,T,/CNT as the anode
and AC as the cathode in a LiPFs/EC/DEC/DMC electrolyte. The
device worked within a wide voltage range of 0.05-3 V and
exhibited an energy density of 67 W h kg™" and good capacity
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retention of over 5000 cycles. Li-ion capacitors also assembled
using conversion-type anode material-Sn(iv)@Ti;C,T, anode and
AC cathode demonstrated significantly high energy density of
239.50 W h kg™ at 10.8 kW kg™ ".'® The performance of MXenes
in Na-ion capacitor was also explored. When the Ti;C,T, anode
was coupled with an AC anode, the prepared asymmetric Na-ion
capacitor operated within a high voltage range of 0.6-4 V and
maintained a coulombic efficiency of 96.6% over 4000 cycles. The
Na-ion full cell consisting of alluaudite Na,Fe,(SO,); as the
positive electrode and Ti;CT, as the negative electrode operated
at a high voltage of 2.4 V and exhibited 90 mAh g ' at 1.0 Ag™?,
respectively.”® Moreover, the application of MXene in Zn-ion
capacitor (ZIC) was also investigated. A ZIC consisting of MnO,
as the cathode and Ti;C,T, as the anode works in a relatively high
voltage window of 1.9 V and delivers an energy density of
90 W h kg ! and power density of 3838 W kg '.* Wang et al.**®
developed a Ti;CT,—tGO aerogel cathode and Zn foil anode for
Zn-ion hybrid SCs (ZHSC) for the first time. The ZHSC demon-
strates a specific capacitance of 128.6 F ¢ ' at 0.4 A ¢~ " and an
energy density of 34.9 W h kg™ " at a power density of 279.9 W
kg ', and more importantly, with 95% capacitance retention over
75 000 cycles. MXene-based asymmetric SCs, especially metal-ion
capacitors, deliver a wide operating voltage window and consid-
erably impressive performance.
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4.1.3 MXene-based micro-supercapacitor devices. The
current miniaturization of electronic devices and smart auton-
omous systems requires the development of on-chip storage
technologies such as MSCs with high energy and power densi-
ties for various applications. Symmetric and asymmetric
MXene-based MSC devices can be designed with low power
utilization owing to their high capacitance and the ease of
processing MXenes. Till date, various techniques have been
developed to fabricate MXene-based MSC devices on a small
scale. Typically, traditional spray coating, printing, stamping,
and vacuum filtration techniques are used for the preparation
of MSC electrodes. The printed MSC exhibits an areal capaci-
tance of 34.6 mF cm ™ > at a scan rate of 1 mV s~ and capacity
retention of 91% after 15 000 cycles. The asymmetric MSC
fabricated with Ti;C,T, and rGO on polyethylene terephthalate
(PET) substrate operates in a voltage window of 1 V, maintains
97% initial capacitance after 10 000 cycles, and delivers 8.6
mW h ecm™? energy density at 0.2 W cm > with superior
mechanical flexibility in PVA/H,SO, gel electrolyte (Fig. 16d).**
Yue et al.*®® constructed a self-healable 3D MSC by printing
Ti;C,T,—rGO composite aerogel electrode by wrapping poly-
urethane over it as an outer shell (Fig. 17a). Further, asymmetric
MSCs constructed with polymer-MXene and MnO, electrodes
work in a large potential window of 1.6 V and delivers an energy
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Fig. 17 (a) Schematic illustration showing the fabrication process of MXene-based micro-SC (MSC); (b) schematic for the fabrication process of
double-side MSCs; (c) stamping strategy for fabrication of all-MXene-based MSCs. (a) Is adapted with the permission.*®® Copyright 2018,
American Chemical Society. (b) Is adapted with the permission.*®* Copyright 2019, Wiley-VCH. (c) Is adapted with the permission.**? Copyright

2018, Wiley-VCH.

126 | J Mater. Chem. A, 2022, 10, 1105-1149

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d1ta04642j

Published on 15 2021. Downloaded on 30.06.2024 23:16:47.

Review

BRU yarn BMX yarn

+ i
Eneigy =
*

View Article Online

Journal of Materials Chemistry A

Energy harvesting fabric

g §) Sensor fabric

R
G
RSN \\

TisC, NS

Fig. 18 (a) Textile fabric attained by twisting or knitting fibers and photograph of the device as well as the lighting up of a light-emitting diode; (b)
seamlessly knitted cellulose-based MXene-coated yarns; (c) schematic representations of energy textile prototype yarn SC device; (d) wearable
TizC, nanosheet (NS)/1T WS, NS fiber-shaped asymmetric SC device for a biomonitoring system. (a) Is adapted with the permission.**” Copyright
2017, WILEY-VCH. (b) Is adapted with the permission.**® Copyright 2019, WILEY-VCH. (c) Is adapted with the permission.2°* Copyright 2018,
WILEY-VCH. (d) Is adapted with the permission.2°? Copyright 2020, WILEY-VCH.

density of 250.1 mW h ecm™® and power density of 32.9 W
cm . Inkjet printing is another technique used for the
printing of MSC electrodes with a high degree of digital
patterning and geometrical flexibility. The organic solvent used
as the dispersant of MXene inks promotes fast evaporation of
the solvent, which helps to achieve high printing resolution and
efficiency. Therefore, additive-free MXene inks are suitable for
the direct printing of MSCs. The MSC printed with this tech-
nique shows high volumetric capacitance and energy density.**
The laser cutting technique has also been used to fabricate
MXene-based flexible MSCs and has achieved high areal
capacitance (Fig. 17b).** Moreover, stamping method can also
be used, which is also a cost-effective and time-consuming
fabrication method when compared to inkjet and 3D printing
techniques. Stamps in any shape can be 3D printed by
computer-aided design, and then MXene ink is brushed on
a substrate. The solid-state Ti;C,T, MSC prepared using the
stamping method delivers a high area capacitance of 61 mF
em~”> and superior cycling stability (Fig. 17¢).'”> MXene-on-
paper coplanar electrodes are significantly promising for flex-
ible on-paper MSCs. Various MSC devices have been fabricated
using laser machining to develop Ti;C,T, paper electrodes."*
Huang et al.*®* proposed a freezing-and-thawing approach to
exfoliate multilayer MXenes with numerous wrinkles for on-
chip MSCs. The as-assembled MSC showed high areal and
volumetric capacitances of 23.6 and 591 F cm ™, respectively.
The in-plane flexible solid-state interdigitated MSC constructed

This journal is © The Royal Society of Chemistry 2022

using freestanding Ti;C,T, electrodes shows a high areal
capacitance of 340 mF cm™? and a high volumetric capacitance
of 183 F cm ™ at a current density of 0.25 mA cm™>.*%

MSCs are promising energy storage devices for miniaturized
electronics. As discussed above, MXene-based MSCs can be
fabricated using various techniques owing to their easy
synthesis procedure and good mechanical strength. MXene
MSCs exhibit excellent electrochemical performance with high
volumetric capacitance and superior energy and power densi-
ties. Until now, the development of MXene MSCs is still in its
early stages, and more versatile development into material
advancement, electrolytes, and device optimization must be
thoroughly considered.

4.1.4 MXene-based transparent/yarn  supercapacitor
devices. In addition to the various promising properties of
MXenes, such as its superior conductivity and hydrophilic
nature, MXenes possess outstanding optical properties, which
make them useful for the fabrication of transparent electrodes
for various applications. MXene-based transparent electrodes
were fabricated on PET substrates or conventional indium-
doped tin oxide or fluorine-doped tin oxide substrates. Zhang
et al."® prepared transparent and conductive TizC,T, films by
spin casting followed by vacuum annealing for transparent
solid-state SCs. Symmetric SCs show a high volumetric capaci-
tance of 676 F cm™ ' with a transmittance of 80%. Asymmetric
SCs with a transmittance of 72% were also constructed based on
Ti3C,T, and single-walled CNT transparent electrodes. The

J. Mater. Chem. A, 2022, 10, 105-1149 | 1127
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Table 1 Electrochemical performance of MXenes and two-dimensional materials in supercapacitors

Electrode Electrolyte Capacitance Stability Ref
TizC, Ty 3 M H,SO, 208 Fg* 64% after 10 000 cycles 203
TizCyTy 3 M KOH 2469 F g ! 96.7% after 5000 cycles 204
Ta,C3T PVA/H;PO, 194Fg ' 90% after 10 000 cycles 205
Ti;C,T,-rGO 1 M H,S0, 276 Fg* — 206
Ti;C,T,~1GO 3 M H,SO, 386 F g * — 207
V,C 1M H,SO, 487 F g*1 83% after 10 000 cycles 208
TiC 3 M KOH 276.1Fg ! 94% after 1000 cycles 209
PANI/V,C 1 M H,SO, 3375Fg ! — 210
Mo0,CT, 1 M H,SO, 700 F em ™3 — 211
Ti;C,T,—polyindole 1 M KOH 226.5F g ! 90.5% after 8000 cycles 212
MoS,-TizC, T, 1M H,SO, 303.8F g " 82% after 10 000 cycles 213
Mesoporous carbon/TizC, T, 6 M KOH 247 F g*1 96.9% after 10 000 cycles 214
Ti;C,T,~MCNT 0.5 M Na,SO, 1.93 F cm ™2 — 215
Ti;C,T,—~CNT 0.5 M Na,SO, 2.26 F cm ™2 — 216
MoO;_,-Ti;C, 5 M LiCl 631 Fem ® 103.9% after 10 000 cycles 217
Ti;C,T,/CuCo,S, 6 M KOH 992.3C gt 91.2% after 10 000 cycles 218
MXene-CNT/PANI 1 M H,S0, 429.4 93% after 10 000 cycles 219
MoS,-Mo,N 1 M Na,SO, 351.62 F g’l 93.62 after 10 000 cycles 220
Co03S,/CoS/MoS, 3 M KOH 805.7 Fg~* 91.2% after 10 000 cycles 221
NiS,/MoS, 2 M KOH 951C g * — 222
Ni-Co,N@NC 2 M KOH 397.5 mA h g71 93% after 10 000 cycles 223
MoS,/Ti;C, 1 M H,SO, 386.7 F g’1 96.8% after 20 000 cycles 173
VS,/MWCNTSs 0.5 M KCl 830 Fg ' 95.9% after 10 000 cycles 224
WS,/carbon 1M H,SO, 248.7 F g’1 100% after 4000 cycles 225
Cu3N/NizN 1 M KOH 390.5mAhg™? 94.9% after 10 000 cycles 226
Mo,N/rGO 1 M H,SO, 142 mF cm > — 218
VN 1 M KOH 1340 F g! — 227
Nb,N; 1 M H,SO, 225.8 mF cm 2 70.9% after 2000 cycles 228
TiN/VN 1 M KOH 247.5F g ! 88% after 500 cycles 229
W,N 1 M H,S0, 163 Fg™* 95.45% after 10 000 cycles 230
CON-Ni;N/N-C 1 M LiOH 1.2 Fcm 2 93.3% after 10 000 cycles 231

asymmetric SCs display significantly high capacitance and
energy density without capacitance loss for over 20 000 cycles.
Furthermore, with the current advancement in miniaturized
and wearable electronic devices, the demand for compatible
power sources has increased. Yarn SCs are more attractive for
wearable devices and textiles because they are more conformal
and can be easily integrated into miniaturized devices. Flexible
all-solid-state Ti;C,T, fiber-based SCs are fabricated using
commercial silver-plated nylon fibers. The MXene-coated fibers
are considerably flexible and can be twined and bent into
complex shapes and woven into a textile structure (Fig. 18a).
The PVA-H,SO, hydrogel is used as the electrolyte to assemble
SC devices. The prepared SCs showed an area capacitance of 328
mF cm™? and 80% capacitance retention under different
deformation modes."” Knittable and washable multifunctional
MXene-coated cellulose yarns were fabricated by Uzun et al.
(Fig. 18b)**® Recent reports have shown that MXene-based fibers
can achieve a high volumetric capacitance of ~341 F cm 7,
which is one order of magnitude greater than that of the gra-
phene fiber.® Zhang et al.>*® developed Ti;C,T,-based yarn SCs
that demonstrated superior performance under different
mechanical deformations. Wang et al. employed a biscrolling
strategy to create flexible MXene/CNT yarns trapped within
helical yarn corridors. The as-developed MXene/CNT and RuO,
asymmetric yarn SCs demonstrated energy and power densities

128 | J Mater. Chem. A, 2022, 10, 1105-1149

of 61.6 mW h cm™ and 5428 mW cm™>, respectively
(Fig. 18¢).”* The asymmetric SCs fabricated with Ti;C,T, and
1T-phase WS, on a polyester/cellulose blend cloth substrate
exhibited superior performance, good flexibility, and wear-
ability, and could be integrated into multiple units and shapes
(Fig. 18d).>** These reports demonstrate the considerable
potential of MXenes for SC devices. The electrochemical
performance of some of the recently reported MXenes and 2D
materials for SCs is listed in Table 1.

4.2 MXenes and their derivatives for batteries

In recent years, as the market for high-performance batteries,
such as those used in electric vehicles, has become more
competitive, the need for next-generation LIBs has surged.*>?>%?
However, owing to the restricted capacity of graphite anode
materials, there is a growing interest in alternate anode mate-
rials despite their superior properties.”** MXene material is
a next-generation electrode material in this circumstance, and
numerous investigations are being conducted because of its
superior properties.”>** MXene material has received
increased attention, mostly as an SC material, although
numerous research studies have been published that consid-
ered it as a battery material as well.'****” Research on MXene-
based LIBs, which was first published in 2012, has continued
to grow every year since then, as shown in Fig. 19 (2012,*">%%
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Fig. 19 Timeline of the research progress related to MXene-based metal-ion batteries in the years 2012-2020. (a) Is adapted with permission.?*®
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2018,2%2% 2019,>°°>* and 2020.°>°*>*°). MXene materials are
used in a wide range of batteries, including LIBs and Zn-ion
batteries (ZIBs).>®® The electrochemical performance of the
MXene based battery electrodes are included in Table 2. Aside
from being an active material, it also serves other functions
such as a conducive binder or synthesizing template.>** MXene
materials are known to exhibit an intercalation reaction with Li
ions, similar to graphite anodes.*®”*** Owing to its compara-
tively wide interlayer distance when compared to graphite, it
demonstrates greater potential as a negative electrode
material.***?%

4.2.1 MXenes for Li-Ion batteries. Owing to its low cost,
high stability, and strong electrical conductivity, graphite is the
most widely utilized anode material for LIBs. However, the
specific capacity of the graphite anode is limited owing to the Li-

This journal is © The Royal Society of Chemistry 2022

ion intercalation process.*** Naguib et al.>*® designed 2D Ti,C
anodes for LIBs in 2012. TiO, cyclic voltammetry (CV) curves are
similar to TiO, CV curves, showing that the Ti,C surface was
likely transformed to Ti,COx during titanate reactions, as
shown by the broad redox peaks at 1.6 and 2.0 V (versus Li'/Li).
The exfoliated Ti,C displays a reversible capacity of
225 mA h g " at 0.04C and 80 mA h g~ " at 3C. Since this study
was published, MXenes and MXene-based composite electrodes
have been the subject of several studies to improve the elec-
trochemical performance of MXene-based LIBs. The proposed
reaction mechanism is described as follows.

Ti,CO, + yLi* + ye~ < LiTi,CO, (9)

Electrostatic processes may effectively embed metal cations
onto the surface of alkaline MXene.>* For high-performance
MXene anodes in LIBs, a metal cation composite might be
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Table 2 Electrochemical battery performance of different electrodes
Capacity Current density

Material Application (mAhg™) Aag™ Cycle number (retention) Ref
BPE@V,CT; KIBs 593.6 0.1 3000 (91%) 339
TizC,T,/MoS, KIBs 290.7 0.05 100 (75.9%) 338
NG/ReSe,/Ti;C, KIBs 395.3 0.1 300 (61%) 340
PDDA-NPCN/Ti3C, KIBs 499.8 0.1 300 (61.4%) 258
K@DN-MXene//S K-metal batteries 331 0.1C 500 (69.4%) 341
TiOxNy/C KIBs 765 0.1 1200 (22.8%) 336
MoSe,/Ti;C,T,@C KIBs 355 0.2 300 (100%) 252
TizC,T,/Sb KIBs 516 0.05 500 (79.1%) 342
KTO/rGO KIBs 228 0.1 — 249
a-Ti;C, KIBs 136 0.02 500 (79.2%) 233
M-KTO KIBs 151 0.05 500 (61%) 245
Ti;CNT, KIBs 202 0.05 100 (27.2%) 235
Hf;C,T, LIB 146 0.2 200 39
Mo,TiC,T, LIB 176 1C 160 (82%) 44
Mo,CT, LIB 560 0.4 1000 56
Nb,CTy LIB 170 1C 100 276
Nb,CTx LIB 110 10C 150 276
(ND(o.8), Ti(0.2))aC3Tx LIB 158 20.2mvVs ! 20 343
TiO,/Ti,CTyx LIB 389 0.1 50 268
CoNi@NCNTs Li-S batteries 676.8 1 500 344
V-MoS,, SIBs 548.1 0.1 800 345
MosS, SIBs 467 0.1 100 346
NaTi,; 504 3 SIBs 101 2 150 (135%) 245
K,Ti,00 KIBs 81 0.3 900 (45%) 245
Nag 3 TiO,/TisC, SIBs 47 3 4000 (56%) 278
C08S,/CNTSs/TiO,N,, SIBs 166 2 100 (72%) 347
PVP Sn(v)@Ti;C, LIBs 851 0.1 50 (74.6%) 267
V,CT,-Ca MXene LIBs 514.6 0.5C 200 (97%) 348
Li-Nb,-CT,-400 LIBs 456 2 50 (75%) 349
Si0,/MXene LIBs 798 0.2 100 (97%) 350
PDDA-NPCN/Ti3C, KIBs 583.7 0.1 300 (61%) 258
MoS,/MXene KIBs 271.4 0.05 100 (75.9%) 351
a-Ti;C,MNRs KIBs 78 0.2 500 (53%) 233
Bi,S;/MXene SIBs 281 0.5 250 (55%) 352
CoS/MXene SIBs 304 2 1700 (87.8%) 353
V,CTx SIBs 470 2.5C 1000 (56.8%) 243

a viable option.?®>?3#2% Luo et al.>” reported Sn*" ion-decorated
Ti;C, electrodes for LIBs with high volumetric capacities and
long life cycles. The multiple effects of Sn*" ions on MXene
electrodes include providing an active site for electrochemical
reactions, increasing electronic conductivity, and inhibiting
volume expansion during lithiation. They produced Sn**-deco-
rated MXene by simple liquid-phase immersion through elec-
trostatic and ion-exchange processes (Fig. 20a and b). A cation
in an electrolyte, such as Li" or Na’, has been reported to
intercalate into MXene layers during the charging process. As
a result of the increased interlayer distance, the pre-
intercalation of Sn** ions can improve the electrochemical
performance of MXene electrodes. The reversible capacity of
Sn**@Ti;C, after the fiftieth cycle of 1374.8 mA h cm ™ is higher
than that of pristine TizC, (197 mA h em?) and graphite (550
mA h cm3) with 94.3% capacity retention over 200 cycles.
Generally, MXene materials can act as active sites for charge
storage, buffer layers for volume expansion, and conductive
agents. The enhanced electrochemical performance indicates
that MXene materials are promising anodes for LIBs owing to
their multiple effects.

N30 | J Mater. Chem. A, 2022, 10, 1105-1149

It is also possible to increase the electrochemical perfor-
mance by treating the MXene LIB anode with H,0,. The MXene
interlayer distance could be induced, and TiO, nanocrystals can
be formed on the MXene surface. Ahmed et. al.**® developed
H,0,-assisted Ti,C MXene electrodes for LIBs. The functional
groups on the surface of MXene, such as -OH, -F, and -O- from
acidic etchants can change the properties of MXene, such as the
bandgap and electrochemical performance. The (0002) peak of
the Ti,AlIC MAX phase was shifted to a lower angle, indicating
an increase in the interlayer distance and removal of Al
(Fig. 20d). The H,0,-treated Ti,C shows high reversible capac-
ities at the second cycle of 507, 429, and 384 mA h g~ at current
densities of 100, 500, and 1000 mA g~ ', respectively. As shown
in Fig. 20f, H,0O,-treated MXene shows superior rate capability
and long-term cycle stability under a high current density of
5000 mA g~ .

In addition, the use of a 3D-structured MXene electrode may
be a viable method to enhance the energy density of the mate-
rial. To create a 3D structure with MXene, an optimized
synthesis method should be developed, such as the templated
method.***?%*7% Zhao et. al.*”* reported a S-template method to

This journal is © The Royal Society of Chemistry 2022
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Fig. 20 (a) Schematic process of Sn** ion-decorated TisC, MXene; (b) XRD patterns of pristine TizC, and Sn**-decorated TizC,; (c) electro-
chemical performance of Sn**@TisCy; (d) XRD spectra of H,O, treated MXene; (e) SEM image of H,O,-treated MXene; (f) rate capability test of
H,O,-MXene at various current densities; (g) schematic illustration of experimental step of flexible 3D MXene foam; (h) SEM image; (i) digital
photo of 3D MXene foam; (j) high-resolution SEM image of 3D MXene foam. (a—c) are adapted with permission.2¢” Copyright 2016, American
Chemical Society. (d—f) Are adapted with permission.2%® Copyright 2016, The Royal Society of Chemistry. (g—j) Are adapted with permission.?

Copyright 2019, WILEY-VCH.

create 3D foam of MXene from 2D nanosheets. As shown in
Fig. 20g, they prepared a MXene-S composite, which was
vacuum filtered to form freestanding films. They used polyvinyl
pyrrolidone (PVP) as a dispersion agent, which performs a crit-
ical role in preventing the aggregation of S particles and
enhancing the reaction between S and MXene (Fig. 20h and 1i).
The high-thickness MXene foam has a low packing density of
2.3 ¢ cm™? than that of conventional vacuum-filtrated MXene
film (0.65 g cm ™). The 3D MXene foam shows a high initial
reversible capacity of 455.5 mA h g ' with a 65.5% ICE.
However, pristine MXene films show low reversible capacity of
35.4 mA h g~'. The 3D MXene also exhibited superior rate
capabilities of 215.6, 187.4, 133.3, 112.5, and 101 mA h g~ " at
current densities of 1, 2, 10, 15, and 18 A g~ ', respectively, with
good long-term cycle stability of up to 3500 cycles.

While finetuning its properties, the performance may be
tuned by varying the composition of the M elements, C and/
or N, and/or the terminations T (-O, -OH, and -F) in the
MXene.””*> MXenes differ in particular capacity according to the

This journal is © The Royal Society of Chemistry 2022

sequence Ti,C, Nb,C, V,C, with both Nb,C and V,C exhibiting
high-rate capability.””® In addition, the voltage profiles of
different MXenes vary considerably, indicating the applicability
of different MXenes as anode or cathode materials. Further-
more, the surface terminations of MXenes influence the Li
uptake capacity and transport. Moreover, nonnative termina-
tion groups of MXene, such as chlorides, can increase the
interlayer space and mitigate the negative effects of the native
OH and F functional groups.® There are several factors that can
impact the LIB capacity, including differences in stoichiometric
ratios of “M” within the same species, as well as differences in
manufacturing processes. For example, Ti,CTx has a lower c-
lattice parameter than Ti;C,Tx with a higher surface energy,
thereby hindering the intercalation of Li ions. Instead of using
MXene as an anode material for LIBs because of its theoretical
capacity, a better alternative is to use MXene-based nano-
structured electrodes for Li-S batteries, which can achieve
a specific capacity of up to 1675 mA h g~ ' and high energy owing
to the chemistry between Li and S.””” However, as a result of the

J. Mater. Chem. A, 2022, 10, 1105-1149 | 1131
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polysulfide shuttling action, the capacity rapidly degrades.
Polysulfide-anchoring materials have been shown to be useful
in easing this problem, both theoretically and experimentally.

The self-assembly of TMO nanostructures on MXene for
rapid Li storage was described by Liu et al.*** Heterostructures
consisting of SnO, nanowires and a TiO,/MXene nanorod were
created using a straightforward technique. Ti;C,-MXene acts as
an underlying substrate, enabling reversible electron and ion
transport at the interface and preventing the formation of TMO
during the lithiation/delithiation process. On the outer side,
TMO acted as a spacer to prevent the restacking of MXene
nanosheets. Specific capacities of 272 mA h g™ ' at a current
density of 50 mA ¢! and 720 mA h g~' at 100 mA g~ were
reported for the TiO,/MXene and SnO,/MXene heterostructures,
respectively. Huang et al.>”® reported sandwich-like Nag »3TiO,
nanobelt/Ti;C,-MXene composites for LIBs/SIBs. The
Na, ,3TiO, nanobelt/Tiz;C,-MXene composite was synthesized
through an in situ transformation process in which oxidation
was performed in the presence of NaOH. It was observed that
the interlayer spacing of Ti;C, MXenes increased in the
composite with Na, ,3TiO, nanobelts, which was confirmed by
the shift in the (002) peak from 8.8° to 6.9°. With the use of this
composite electrode in LIBs/SIBs, an excellent cycling stability
of 100% was achieved over 4000 cycles. Shang et al.*”® synthe-
sized 2D GeO,(x = 1.57)@MXene composite using a wet-
chemical process and used it as an anode material for LIBs.
This battery showed fast charge/discharge performance of
3 min at 20.0C owing to the enhanced e /Li* conductivity based
on the metallic properties of Ge and MXenes. The half-cell
battery showed a capacity retention of 86.9% after 500 cycles
with an initial capacity of 1206.3 mA h g~" with a coulombic
efficiency of 91.5%.

In conclusion, the performance of LIBs based on MXene-
based electrodes relies on the different factors and properties
of the electrode materials and electrolytes. The electrochemical
performance can be tuned by surface decoration, group graft-
ing, and adjustment of the composition. Hence, the rational
nanoengineering of electrode materials based on MXenes will
support their application in LIBs. However, only a few MXenes
are synthesized with certain metals; thus, alteration of the
composition such as metal/carbon ratios and metal species will
predominantly affect the performance of LIBs. Furthermore, the
surface terminations and interlayer distances of the prepared
MXenes influence the performance of LIBs. Composites with
metal oxides and silicon might be a possible way to improve the
performance of LIBs.

4.2.2 MXenes for Na-ion batteries. The growth of the
market for LIBs is driving up the cost of raw materials.>* This
has resulted in a huge growth in the demand for batteries that
are both inexpensive and efficient.>****" There is an ever-
increasing need for innovative low-cost energy storage tech-
nologies, namely high-capacity batteries that require relatively
significant amounts of raw materials.***?* Na, which is an
earth-abundant, evenly distributed element, is receiving
significant attention as a next-generation battery material for
large-scale batteries.”®>**® As it is an alkali metal similar to Li
and relatively inexpensive, it is possible to manufacture

N32 | J Mater. Chem. A, 2022, 10, 1105-1149
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batteries using a structure similar to conventional LIBs.”*”->%
Therefore, several researchers have developed SIBs based on
their research experience in LIBs because they thought that SIBs
could be developed using similar synthesis methods as
conventional LIBs.**** However, several investigations have
revealed significant variations in electrochemical behavior
between Li and Na, and the general consensus currently is that
applying electrodes from LIBs to SIBs is problematic.>**>%*
Particularly, as there are no candidates so far who show the best
characteristics of the anode material of the SIBs, the study of
various materials is being actively conducted.>*>>%”

The difficulty in developing anode materials for SIBs is that,
graphite which performs well in LIBs, performs poorly with Na
ions.?*>*%%2%° The reason for this low performance of graphite is
the large ionic radius of Na ions. This was identified in the
beginning of the study on SIB anodes and was later reported to
be a thermodynamic problem caused by a low binding force
between Na ions and the graphite surface.****°> Under these
circumstances, carbon-based SIB anode materials that are
primarily based on hard carbon were considered, and several
successful studies have been reported.>**?*°*3*** In the develop-
ment of high-performance SIB anodes, MXene materials have
attracted significant attention because they can perform well as
anode materials.***?%” The computational results indicated low
diffusion barriers with Na* ions, which are related to MXene-
based electrodes (Fig. 21).%% Ti,C,Tx displays Na" ion inter-
calation as a two-phase reaction and solid-solution reaction.
Furthermore, DFT calculations indicate that MXenes have good
intercalation characteristics with horizontal sliding into Ti;C,X
layers. This computational study shows that the Na' ions can
smoothly intercalate into MXene layers and demonstrates the
versatility of MXene materials.*®” The interlayer distance of
Ti,CTx nanosheets was extended during the first sodiation
phase, and this enhanced interlayer gap was maintained
without substantial change during desodiation.

The absorption energies of alkali metals such as Li, Na, K,
and Ca differ according to the coverage.**>***3 Based on the
first-principles DFT calculations, a linear relationship between
the effective ion radius and reversible capacity can be deter-
mined.*” A larger effective ionic radius increases the reaction of
alkali atoms and MXene electrodes.*'® Furthermore, the diffu-
sion barrier is well known as an important factor for deter-
mining the battery electrode performance.** Fig. 22a-d show
that optimized pathways of various alkali ions with Ti;C,
monolayer calculated by the nudged elastic band method with
diffusion barrier profiles.*** Li ions show a calculated diffusion
barrier of 0.068 eV, but Na displays a value of 0.096 eV, which
implies that Ti;C, has a low diffusion barrier against alkali
metal. This result shows the possibility of using MXene elec-
trodes as high-rate electrodes. The Na-ion storage properties of
Ti;C, MXenes, such as capacity, mobility, and volume expan-
sion during sodiation, as well as desodiation with interlayer-
expanded electrodes, were investigated using the ab initio DFT
method.?'******  This computational study showed that
interlayer-expanded MXenes have a low diffusion barrier energy
against Na ions.*'*> Moreover, the lattice parameter of expanded
MXenes was marginally changed when compared to pristine

This journal is © The Royal Society of Chemistry 2022
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MXenes. As shown in Fig. 22e-j, interlayer-expanded MXenes
have the most favorable thermodynamic migration with Na ions
than pristine MXenes. This result suggests that surface-treated
MXenes demonstrate superior performance than pristine
MXene electrodes. Recent studies on MXene-based SIB anodes
have focused on surface-enhanced MXene electrodes.’*>>** A
molecular-level PDDA-BP/Ti;C, nanosheet heterostructure was
reported with the synergistic effects of high capacity (BP) and
abundant functional groups (Ti;C,).*** The PDDA modification
can enhance electronic conductivity and passivate BP from
oxidization in water, resulting in improved cycle stability.
PDDA-BP and Ti;C, nanosheets were synthesized in face-to-face
contact with a suitable interlayer distance to store Na ions. This
parallel 2D structure can provide a low diffusion barrier and an
effective channel, which enhances the electrochemical kinetics.
The PDDA-BP/Ti;C, heterostructure shows high reversible
capacity of 112 mA h g~ ' at 0.1 A g '. This heterostructure
shows two distinct cathode peaks at the first sodiation steps at
1.0 and 0.45 V, which are related to the initial irreversible side
reaction to form solid electrolyte interphase. The GCD profiles
of the PDDA-BP/Ti;C, electrode showed clear plateau regions at
low potentials, which were due to the alloying reaction of BP.
The possible reactions of the PDDA-BP/Ti;C, electrode are as
follows.

P+ xNa"+xe” & Na,P(0=x=3) (10)

Ti3C2Tx + yNa++ y67 > Ti3C2TxNay. (11)

This journal is © The Royal Society of Chemistry 2022

PDDA-BP/Ti;C, exhibits superior rate capability of 43.4% of
capacity retention when compared to high current density of
2.0-0.1 Ag . It also exhibits good long-term cycle stability, with
only 0.05% capacity decay per cycle to 2000 cycles. The superior
electrochemical performance was attributed to the strong
interaction between BP and MXenes with lower binding energy
and enhanced interfacial charge transfer due to the large
interlayer distance of the heterostructure. It is an effective
approach to prepare composites with carbon and MXenes for
high-performance SIB anodes.>**?*3**32% Usually, MXenes
materials are easily exposed to severe problems such as
restacking and aggregation.®”*****” To overcome this problem,
several researchers have developed MXene-carbon composites.

Recently, Xu et al. reported 3D carbon-coated MXene archi-
tectures for ultrafast Na storage.”® A simple approach was
suggested for the direct synthesis of 3D carbon-coated MXene
structures by transformation of 2D T;C,T, nanosheets by self-
polymerization of dopamine, which was coated on the surface
of MXenes, as shown in Fig. 23a. First, the MXene/dopamine
mixture was prepared and self-polymerized to form a polydop-
amine layer on the MXene surface. A polymeric layer was
formed, which facilitated the transformation of 2D nanosheets
into a tremella-like 3D structure with a highly exposed active
site and smaller overall surface energy. After carbonization
under inert conditions, the polydopamine layer was converted
into carbon, and this 3D carbon-coated structure can preserve
the structural collapse and oxidation of MXene materials by air
exposure. The SEM images of the 3D carbon-MXene composite
exhibit a disordered structure with exposed facets, which
confirms the effect of polydopamine on the structure. TEM

J. Mater. Chem. A, 2022, 10, 1105-1149 | 1133
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Fig. 22 (a—d) Schematic representation of the top view of the energetically optimized migration pathways and the corresponding diffusion
barrier profiles of Li, Na, K, and Ca on TizC, MXene, respectively, and (e—j) energy profiles of Na atom diffusion on a 3 x 3 x 1 supercell of TizC,
and corresponding geometries. (a—d) Are adapted with permission.3?* Copyright 2014, American Chemical Society. (e—j) Are adapted with

permission.*?? Copyright 2016, American Chemical Society.

images show the microscopic structure of the 3D carbon-MXene
composite with surface facets and increased lattice interlayer
space (Fig. 23b-d). This extended gap can facilitate the access of
electrolyte ions to the active material and enhance the redox
reaction and charge transportation. Finally, representative
energy-dispersive X-ray spectrometry (EDS) mapping confirmed

N34 | J Mater. Chem. A, 2022, 10, TI05-1149

the presence of Ti;C,Tx MXenes in the 3D structure. This 3D
carbon-MXene structure shows high capacity 257.6 mA h g~ " at
a current density of 0.05 A g~ " and this capacity was retained
even after 200 cycles. Furthermore, the 3D carbon-MXene
structure exhibited good long-term cycle stability of 91.7%
after 3000 continuous cycles at a high current density of 1 Ag™".

This journal is © The Royal Society of Chemistry 2022
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The effective strategy of the 3D carbon-MXene structure is Another approach to prepare MXene-carbon composite
a simple approach to prepare carbon-MXene structures to electrodes for SIBs is by using MXene-bonded hard carbon
prevent layer restacking and air oxidation. films.**® Hard carbon is a promising candidate for SIB anode
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materials with high reversible capacity; however, it has severe
problems such as large volume expansion during sodiation/
desodiation.*” These limit the performance of hard carbon
anodes. Bin Xu et al.**® reported a novel approach to overcome
these limitations using MXene as a conductive binder. The
MXene binder can reduce the necessity of electrochemically
inactive components such as polyvinylidene fluoride binder and
carbon conductive additives. MXene 2D nanosheets can
construct a 3D network, which can enhance the electrochemical
reaction and accommodate the volume expansion of active
materials during sodiation/desodiation. The MXene-bonded
flexible freestanding hard carbon electrode was prepared via
facile one-step vacuum-assisted filtration of an aqueous
suspension of hard carbon and Ti;C,Ty, as shown in Fig. 24e.
The prepared film is flexible and freestanding; therefore, it is
possible to fabricate SIB cells without a metal foil assistant. In
contrast, a conventional electrode with a conductive additive
and polymer binder was prepared using the slurry casting
method for comparison. The SEM images in Fig. 23f-h shows
the cross-section surface of the MXene-bonded hard carbon
film with a 2 :1 mass ratio. There are irregular hard carbon
particles with micrometer-sized gap between the MXene nano-
sheets. In higher magnification images, it can be clearly
observed that a 3D network structure is formed by the encap-
sulation of hard carbon particles by the MXene nanosheet. Hard
carbon structure can act as “spacer” to prevent restacking of
MXene layers. Moreover, MXene can accommodate the volume
expansion of hard carbon using a 3D architecture. Based on the
synergistic effect of hard carbon and MXene, the freestanding
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film delivers a high reversible capacity of 368 mA h g ' at
30 mA g~ with superior long-term cycle stability and rate
capability with Na ions.

Tang et al.**° reported MXene-derived TiS, nanosheets for
high-performance SIBs. The carbon-coated TiS, nanosheets
were prepared using an in situ conversion process with PVP-
modified Ti;C,Tx (TiS,@Cpvp). The SEM and TEM images of
TiS,@Cpvp show a homogeneous distribution of TiS, inside the
carbon. The hexagonal arrangement of the spots in the SAED
pattern confirms the purity of the phase and crystallinity of the
materials. The CV, GCD, rate performance, and cycling stability
plots were obtained. A specific capacity of 448 mA hg ' was
reported at 0.1 A g ', and it was maintained at approximately
387 mA h g~ ' at a current density of 10 A g~ '. TiS,@Cpvp
showed a superior cycling stability of 92.5% capacity retention
over 5000 cycles. Furthermore, the TiS,@Cpvp/AC Na-ion
capacitor showed 101.7 W h kg ' energy density at a power
density of 200 W kg™ .

Similar to LIBs, the electrochemical properties of Na storage
in SIBs are influenced by several factors, such as surface
terminations, interplanar distance, types of MXenes, and
structure of the materials. The Na-ion diffusion kinetics is
generally slower than that of Li ions owing to its higher ionic
radius. Hence, to achieve comparative specific capacities and
other electrochemical properties for Na storage, it is essential to
modify the structure of the MXene-based electrode materials
according to requirements such as higher reactivity and shorter
diffusion pathways. Therefore, the rational design of
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appropriate MXene-based materials for SIBs is an important
challenge for future research.

4.2.3 MXenes for K-ion batteries. Gogotsi et al. reported the
possibility of using MXene electrodes for K-ion batteries (KIBs)
through a cation intercalation phenomena.**' Cation interca-
lation into a layered structure is a well-known concept in the
battery industry. However, there are only a few candidates that
can act as host materials for cations with larger ionic radii than
Li ions. Gogotsi et al. reported that 2D Ti;C, MXenes can store
various cations, including Na, K, Mg, and Al. They suggested
that the XRD peak shifted to a low angle after the charging
process based on in situ XRD measurements. This indicates that
the intercalation reaction occurs in the MXene layer. Eames et.
al.®* also supported this experimental work through computa-
tional studies. A global screening of the intercalation
phenomena of various ions into M,C-based compounds (M =
Sc, Ti, V, Cr, Zr, Nh, Mo, Hf, and Ta) with functionalized
surfaces using diverse ions was conducted. By DFT calculations,
it was determined that the most promising M,C materials were
light transition metals, such as Ti, which showed superior
intercalation properties.

Naguib et al.>** were the first to report MXene-based KIB
anodes with organic electrolytes. They described the electro-
chemical performance of Ti;CNT which was chosen because of
its outstanding performance in LIBs. The Tiz;CNT electrode
displays a high potassiation capacity of 710 mA h g* and
depotassiation capacity of 202 mA h g~* in the first cycle with
28.4% efficiency. The second cycle shows a higher efficiency of
56% with a depotassiation capacity of 154 mA h g~ '. The
depotassiation capability of the MXene electrode was greater
than that of the previously reported carbon nanofiber
(75 mA h g7"). The ex situ XRD results also confirmed that K*
ions intercalated into the MXene layers. After potassiation, the
XRD peak of Ti;CNT was shifted to the low-angle region, which
implies that the interlayer distance of MXene was increased due
to the intercalation reaction. After this study, several studies
have reported the development of high-performance KIB anode
materials based on MXenes.?*»258260:333-338 Ag part of this effort,
there have been attempts to change the structure of MXene
materials. Huang et al.>** reported the hydrothermal synthesis
of carbon-coated MoSe,/MXene nanosheets for K storage. The
3D porous surface with a hierarchical 2D nanosheet structure of
MoSe,/MXene@C achieved a capacity of 355 mA hg™' at
a current density of 200 mA g~ ' after 100 cycles, and it retained
183 mA h g ' at 10 A g ' and predicted excellent rate
performance.

Dong et al.**® reported Ti;C, MXene-derived potassium tita-
nate nanoribbons for KIB anodes. Ultrathin potassium titanate
was successfully prepared by the simultaneous oxidation and
alkalization of Ti;C,. This modification of the MXene material
creates a suitable structure to store a large ionic radius of K ion
such as wide interlayer distance (0.90 nm), narrow width (<60
nm), and ultrathin thickness (<11 nm). Electrochemical
measurements showed that potassium titanate displayed
a capacity of 151 mA h g™ ' at a current density of 50 mA g~
Notably, it also showed superior long-term cycle stability over
900 cycles. This high performance was attributed to the
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expanded d-spacing for significantly accommodating ions with
large ionic radius in the interlayer channels by the intercalation
reaction. The proposed charge/discharge mechanism is as
follows.

KzTi409 + 2K+ +2e < K4Ti404 (12)

A similar approach to prepare a high-capacity KIB anode
with MXene materials performs the alkalization of the MXene
electrode. Lian et al*** reported alkalized Ti;C, MXene
nanoribbons with expanded interlayer distances for KIB
anodes. Alkalized MXene nanoribbons were prepared by
continuous shaking treatment in an aqueous KOH solution.
The alkalized Ti;C, (a-Ti3C,) showed high reversible capacities
of 136 and 78 mA h g™ " at current densities of 20 and
200 mA g, respectively. This is due to the increased inter-
layer spacing of a-TizC, during the alkalization process, as
well as the 3D interconnected porous structure enabling
improved electron transport with high kinetics. The alkaliza-
tion method used in this study was a facile and scalable
method. This method could be used for other MXene mate-
rials to prepare electrodes for high electrochemical energy
storage and for conversion.

Zhao et al.**® reported self-assembled Ti;C, MXenes and N-
rich porous carbon nanosheets (NPCNs) as high-performance
anodes for KIBs. The polymer PDDA-NPCNs/Tiz;C, hybrid
structure was synthesized through an electrostatic self-
assembly approach. The porous interconnected conductive
network structure of PDDA-NPCNs and ex-Ti;C, nanosheets
offers short ion transport pathways. The GCD cycles of PDDA-
NPCNSs/Ti;C,, PDDA-NPCNSs, and ex-TizC, at 0.1 A g ' clearly
indicate the higher capacity of the electrode. The electrodes
demonstrated an outstanding capacity of 358.4 mA h g~' at
0.1 A g7, rate performance, and cycling stability (0.03% each
cycle at 1.0 A g~ ). Moreover, the voltage profile and ex situ XRD
patterns of the PDDA-NPCN/Ti;C, electrode were studied in the
few first cycles to anticipate the improved cycling stability and
rate performance. During potassiation, the intensity of the peak
of the NPCNs decreased and shifted to a lower angle, suggesting
an increased interlayer distance of the NPCNs because of K"
insertion. Furthermore, the (001) peak of Ti;C, shifted to
a lower angle, indicating the effective expansion of the inter-
layer distance (19.2 to 24.6 A).

Zeng et al>® reported ultrathin titanate nanosheets/
graphene films for KIB anode electrodes. They suggested the
confined transformation of assembled 2D materials such as
MXene and graphene oxide nanosheets to prepare freestanding
films. They first confined MXene with rGO nanosheets and
transformed MXene into ultrathin titanate for a well-confined
layered structure, which demonstrated superior electrical
conductivity owing to the ultrathin rGO nanosheets. The
resulting film showed a good initial discharge capacity of
1094 mA h g~ with a low coulombic efficiency of 24%. More-
over, the MXene/rGO film displayed superior rate capability
with high remaining capacities of 228, 162, 116, and
84 mA h g~ ' at current densities of 0.1-1 A g~ '. At a current
density of 2 A ¢, a high discharge capacity of 75 mA h g™*
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remained, which implies that the MXene/rGO film has
aremarkable rate performance. This high-rate performance can
be attributed to the advantages of the sandwich-type structure,
which effectively prevents self-restacking of MXene and rGO
nanosheets. The preparation of a sandwich structure not only
increased the conductivity, but also prevented restacking
during continuous electrochemical reactions such as interca-
lation of K ions. Moreover, this sandwich structure can
improve the mechanical strength of the film, which is an
important factor for flexible batteries.

Tian et al.** synthesized Sb, Sn, and Bi hierarchical struc-
tures on MXene paper via a facile one-step electrodeposition
process (Fig. 24a, ¢ and d). A large volume expansion of bulk Sb
anodes and small volume expansion of MXene@Sb anodes was
observed during the potassiation process (Fig. 24b). In the large
volume expansion, the electrical conductivity was poor;
conversely, the small volume expansion showed higher elec-
trical conductivity. MXene@Sb displayed a high reversible
capacity of 516.8 mA h g~ and superior cycling performance
with a capacity fading rate of 0.042% per cycle (Fig. 24e and f).

4.2.4 MXenes for Zn-ion batteries. Aqueous electrolyte-
based next-generation batteries have received interest owing
to their distinct benefits, which include cheap cost, high safety,
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and minimal toxicity.*****® Particularly, aqueous electrolyte has
better ionic conductivity (~10"" S cm™') than that of organic
electrolyte (~103-107> S ecm '), which highly affects the overall
performance of electrochemical batteries.>**>®* Recently, the
cost of manufacturing LIBs has continued to rise owing to the
overheated competition in the LIB market.**>** Consequently,
the price competitiveness of next-generation batteries that do
not use Li is also increasing.***** Therefore, owing to its high
ion conductivity and price competitiveness, many aqueous
electrolyte-based batteries are being studied, and even among
them ZIBs are attracting attention because of its superior
characteristics.*****® ZIBs have multivalent aqueous ions with
multiple electron transfers during the electrochemical reac-
tions, which can maximize the high energy density and power
density both.?¢7-3¢°

By introducing MXene electrodes for ZIBs, high energy
density with superior power delivery can be achieved because
a well-defined MXene structure can provide a highly efficient
pathway for Zn ions with parallel pathways in the layered
structure. Luo et. al.*”® reported nanoscale parallel circuitry-
based conductive assemblies for high-power ZIBs. They
prepared MnO,-functionalized MXene stacks (Tiz;C,T,) with
CNTs by a conductive assembly method, as shown in Fig. 25a.
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Fig. 25 (a) Schematic illustration of the synthesis of MnO,@TizC,T,;

Voltage (V)

(b) SEM images of multilayered TizC,Ty; (c) Fourier-transform infrared

spectroscopy of TizC,Tx and MnO,@TizC,T,; (d) GCD profiles of MnO,@TizC,T, at different current densities; (e) discharge profiles based on
galvanostatic intermittent titration technique of MnO,@TizC,T,-based Zn-ion battery; (f) CV curves of MnO,@TisC,T, based Zn-ion battery at

different scan rates; (g) schematic illustration of the nanoscale-level parallel circuitry-based on MnO,@TizC,Ty.

permission.*”® Copyright 2019, WILEY-VCH.
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First, MXene was prepared by HF etching of raw material
(Ti3SiC,, MAX phase) to form multilayered Ti;C,T, with various
functional groups such as -F, -OH, and -O due to the slow
oxidation of the dissolved O, in the etchant. The undersigned
functional group is primarily related to the formation of anatase
TiO,, which can decrease the electrical conductivity of MXene
materials. To avoid this side reaction, a strong oxidant, such as
KMnO,, was used to suppress the spontaneous oxidation and
formation of TiO, by decorating the surface of MXene using
MnO,. MnO,. can bond uniformly with the MXene surface and
prevent the formation of TiO,. It can be clearly observed in
Fig. 25b that MnO, nanoparticles were uniformly formed on the
surface of MXene with a rough surface.

The chemical properties of the MnO,@Ti;C,T, flakes were
investigated by Fourier-transform infrared (FTIR) spectroscopy,
as shown in Fig. 25c. To test the electrochemical performance of
MnO,@Ti;C,Ty, GCD tests were performed, as shown in
Fig. 25d, under different current densities. MnO,@TizC,Ty
achieved a high reversible capacity of 88 mA h g~" at a current
density of 0.1 A g~". This capacity is primarily oriented from
MnO, in the MnO,@Ti;C,T, structure because the individual
capacity of MnO, (~270 mA h g™ ") is significantly higher than
that of MXene. However, only MnO, without the MXene struc-
ture displays a considerably low reversible capacity of
30 mA h g " with a stainless-steel current collector, which
implies that MXene perform an important role in electro-
chemical reactions. The first plateau of the overvoltage in the
galvanostatic intermittent titration technique (GITT) measure-
ment is smaller than that of the second plateau owing to the
variation in ion intercalation (Fig. 25e). The first plateau is
caused by the intercalation of protons owing to the existence of
an electrolyte without any Zn ions. The second plateau is
attributed to Zn-ion intercalation. It can be clearly observed that
the second plateau is lower than that of the MnO,@Ti;C,T,
structure. This can be ascribed to the fact that the high
conductivity of MXene with a skeleton structure can enhance
the electron transfer of MnO, by introducing a parallel reaction
in the layered structure. The result of kinetic analysis by power
law from CV curves at different scan rates also supports this
fact, as shown in Fig. 25f.

To develop a cheap and nontoxic electrode material, a CNT-
delaminated V,C MXene electrode was recommended by Wang
et al.*”* for Zn-ion storage applications. Typically, MXene has an
interactable layer structure with a rich surface chemical avail-
able, which makes it a promising active material. However,
despite several successful studies on MXene ZIB electrodes,
there are considerable bottlenecks related to MXene electrodes,
such as dynamic structural changes and limited life cycle due to
performance failure. To overcome these limitations, intensive
research should be conducted to understand the working
mechanism by in situ and operando measurements. Wang
et al.®>* reported freestanding porous films with delaminated
V,C MXene and CNT composites. Furthermore, operando X-ray
absorption spectroscopic analysis was performed to understand
the charge/discharge mechanism. To synthesize the delami-
nated VC, and CNT composite (DV,C@CNT) freestanding film,
pristine V,C was prepared from V,AlC MAX phase using the HF

This journal is © The Royal Society of Chemistry 2022

View Article Online

Journal of Materials Chemistry A

etching method. After HF etching, the pristine V,C exhibited an
accordion-like architecture with a distinct layered structure.
Subsequently, the delaminated process was conducted by
intercalation of TMAOH, which has a strong van der Waals force
between the interlayers of MXene.** This force can induce self-
restacking of V,C MXene particles. Therefore, CNTs can be
uniformly introduced into the interlayer. The prepared free-
standing film had a thickness of 5 pm, and the SEM cross-
sectional images of DV,C@CNT showed a uniformly mixed
structure. To evaluate the electrochemical performance of the
freestanding film, a hybrid cell with DV,C@CNT//ZnSO,//Zn
was prepared with a DV,@CNT cathode and Zn foil as the
anode. After the assembly of this cell, nanoflakes were imme-
diately formed on both the cathode and anode sides. The sharp
XRD peaks at 9.5 and 8.1 can be attributed to intercalated water
molecules, and the other peaks indicate that the precipitated
nanoflakes were zinc hydroxide sulfate hydrate (ZHS). The
possible reaction mechanism of precipitation is as follows.

4Zn** + 60H™ + SO3~ + nH,0 <
(Zn(OH),)3(ZnS04)(H0), (13)

The formation of ZHS can induce an electrostatic field in the
primary Zn battery. Because of this electrostatic field, the -OH
ions moved to the surface of the electrode and generated the
formation of ZHS nanoflakes. To determine the reason and
effect of precipitation, synchrotron-based X-ray absorption fine
structure spectroscopy was conducted on the as-prepared Zn
primary cell. CV and electrochemical impedance spectroscopy
plots were obtained. The apparent redox peaks illustrate the
pseudocapacitance contribution as well as reversibility because
of the insertion/extraction of Zn ions within the interlayer of
MXene. Additionally, the co-contribution of H'/Zn*" was
confirmed by the GITT profiles. During the first discharge cycle,
the diffusion coefficient slowly increased to 1.08 x 10~ " cm?
s~'. The schematic representation shows the insertion of H"
and Zn** throughout discharge cycles within 1.1-0.71 V and
0.71-0.32 V as well as CV cycles at 10 mV s~ with charge
contribution profile.

Li et al.*”* synthesized vertically aligned Sn** pre-intercalated
Ti,CTx MXene spheres and used them for ZICs. The Ti,AlC MAX
coating was synthesized on carbon spheres, and then HF acid
was used to etch the MAX phases to synthesize Ti,CTx. The CV
curves of the Ti,AIC/C, Ti,CTx/C, and Sn**-Ti,CTy/C spheres
within potentials of 0.1 to 2.0 V at 2 mV s~ show redox peaks,
which confirm the pseudocapacitive behavior of electrodes. The
cycling stability and rate performance of the samples were also
depicted. Sn*"-Ti,CTx/C shows specific capacities of 138 and
92mAhg " at0.1and 5Ag ', respectively, indicating superior
rate performance. The ion transport paths of random Ti,CTy
particles and Ti,CTx/C spheres were also analyzed. It was
observed that after Sn** pre-intercalation, the interlayer spacing
increased from 1.15 to 1.27 nm. Therefore, the capacity of the
electrodes was improved. The prepared device can operate at
low temperatures such as —20 °C. The schematic of the future
research progress, advanced characterization and challenges of
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the MXene based electrodes development is represented in characteristics of MXene-related SCs and battery research,
Fig. 26. which is the main research point for improving the character-
istics through composite formation with various materials. It is
important to select an appropriate energy storage device
according to the performance required by the target, that is,
energy density or high-power density. Each battery technology
has its own energy storage mechanism, and the characteristics
that appear accordingly also change. Therefore, it is signifi-
cantly important to choose an appropriate battery technology.
There are various candidate groups for MXene materials, and it
is important to identify MXene materials suitable for the
desired characteristics among these candidate groups. The
current MXene technology focuses on changing properties due

5. Conclusions and perspectives

Owing to the key features of MXenes, such as 2D lamellar
structures, varying surface terminations, metallic conductivity,
and intercalation pseudocapacitance, MXene materials are
a considerably appealing prospect for energy storage SCs with
high energy and power densities when compared to conven-
tional materials. This study highlights the synthesis, properties,
and progress of research on MXene-based electrochemical
energy storage systems, including SCs, LIBs, SIBs, KIBs, and
ZIBs. Despite the fact that the synthesized MXenes have good ~tO the formation of a composite between MXene and other
electrochemical performance in non-Li energy storage devices, Materials, and not a comparison between various MXene
there are still a number of challenges to be addressed. materials. Therefore, for a commercially available MXene-based

Researchers are concentrating on Ti;C,Txy MXene, although battery research, a comparison between MXene materials and
a small percentage of Ti,CTy and V,CTy materials also study on the characteristics of each MXene material must be
contributed to the performance. The structure of the most performed. To maximize the properties of MXene materials, it is

researched MXene, Ti;C,Ty, is well characterized and under- important to manufacture MXenes with an optimal structure
through the development of an appropriate synthesis method.

(2) Several supporting technologies must be developed for
the successful development of MXene-based batteries. First,
a characterization method suited for MXene analysis must be
developed. The specific surface area of MXene materials is
greater than that of traditional battery materials. Furthermore,
the crystallinity is poor when compared to typical LIB cathode
materials. Consequently, more efficient research can be per-
formed if an improved analytical technique for MXene

stood; however, studies on other MXenes must be prioritized.
Although MZXene is utilized as the electrode material for
secondary batteries, there is still considerable room for
improvement in terms of capacity. Based on the content of this
review article, the following paths should be pursued in future
research and development of MXene SCs and batteries:

(1) to maximize the merits of MXene materials, it is necessary
to develop systematic research and development methods. It is
important to select an appropriate target because of the
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materials is devised. It is also critical to employ in situ and ex
situ analytical methodologies for electrodes used in SCs and
battery manufacturing. Furthermore, the experimental results
should be validated by theoretical studies, and a new research
and development strategy should be proposed. Because MXene
materials have a shorter research and development time than
other materials, practical and theoretical investigations must be
performed concurrently for quick development. Finally, tech-
nologies for regulating the surface characteristics of MXene
materials must be developed. The development of a surface
functional group is unavoidable because of the characteristics
of MXene materials generated by the acidic etching technique.
Consequently, if the production of this surface functional group
can be regulated and the conversion to another surface func-
tional group is feasible, the characteristics of MXene materials
can be enhanced.

(3) Nevertheless, morphological modifications are crucial for
expanding active sites. For energy storage applications, such as
SCs and rechargeable batteries, the regulation of porosity and
curvature of MXene nanomaterials in 2D may create a high
surface area and pore volume. Therefore, each application has
its own requirements for the structure or composition of MXene
materials in terms of their structure. In the case of LIBs and
SIBs, for the best initial coulombic efficiency, electrode mate-
rials should be devoid of any defects or functional groups. A
good cycle life may be attained with Li-S batteries if the shuttle
effect of polysulfides is reduced. As Li-S batteries include pol-
ysulfide molecules, MXene materials must have strong poly-
sulfide molecular trapping capabilities.

(4) Finally, numerous issues must be resolved to commer-
cialize MXene materials. First, there is an issue with limited
reversible capacity when compared to conversion-type mate-
rials. MXene compounds have a limited reversible capacity than
high-capacity materials such as silicon. Consequently, it is
critical to increase or utilize the distinct benefits of MXene
materials. The second issue is volumetric capacity maximiza-
tion. The volumetric capacity is limited owing to the properties
of MXene materials with high surface areas. Therefore, this
problem must be resolved for its utilization in commercially
available batteries. Finally, a low-cost synthesis procedure was
developed.

The following factors should be highlighted to further
support the rapid development of MXenes. (1) Reducing the
preparation of MAX and MXene, reducing the costs, clarifying
important elements that affect the preparation process, and
exploring innovative, environmentally friendly etching tech-
nologies are all goals of this project. (2) The interaction between
MXene and the utilized solvents must be examined to achieve
modifications and stability of MXenes, antioxidants, and other
factors. (3) The effects of surface terminations on the properties
and the different applications of MXenes must be investigated.
(4) The theoretical simulations computation capability must be
intensified, and it must be utilized as a guide for selecting
additional viable MAX and MXene possibilities. (5) In addition
to power and energy densities, MXene-based hybrid SCs have
significant practical utility and merit further study. (6) Further
research on solid secondary batteries based on MXene

This journal is © The Royal Society of Chemistry 2022
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electrodes and their applications must be performed. (7) The
packing of MXene-based devices must be investigated. (8) It is
also necessary to optimize its structural design to maximize its
volumetric capacity. (9) It is critical to develop a flexible and
transparent MXene film for future wearable -electronic
equipment.
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