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Prospects challenges and stability of 2D MXenes for clean
energy conversion and storage applications

Anha Bhat"®, Shoaib Anwer@?®, Kiesar Sideeq Bhat®, M. Infas H. Mohideen @, Kin Liao®® and Ahsanulhaq Qurashi*®

Two-dimensional materials have gained immense attention for technological applications owing to their characteristic properties.
MXene is one of the fast-growing family of 2D materials that exhibits remarkable physiochemical properties that cater numerous
applications in the field of energy and storage. This review comprises the significant advancement in the field of 2D MXene and
discusses the evolution of the design, synthetic strategies, and stability. In addition to illuminating the state-of-the-art applications,
we discuss the challenges and limitations that preclude the scientific fraternity from realizing functional MXene with controlled
structures and properties for renewable clean energy conversion and storage applications.
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INTRODUCTION

The research interest in 2D type materials originated with the
graphene discovery' along with its rich physics has been the
motivating factor to extend the research to vast planar materials
like boron nitride? and transition metal dichalcogenides (TMDCs)*
prepared by exfoliating the 3D bulk to 2D planer structures
stacked with weak Van der Waals interactions. The 2D materials
possess exceptional electronic, mechanical, and optical proper-
ties*®, which, in the past decade, have eventually paved the way
to its deep root research for diverse applications. These materials
also demonstrate as essential basic building units for a wide range
of material applications including a layer by layer structures,
membranes, and mixed composites'®. Although many 2D
materials possessing a single element have been synthesized,
some examples include graphene, silicene'’, germanene'*'3, and
phosphorene'*'®, where most of them contain two (such as
dichalcogenides and oxides)'®'” or more than two elements (such
as clays)®. The addition to the family are the carbides and/or
nitrides of a transition metal, termed as MXenes, which were
discovered by Gogotsi et al. in 2011'%. The intense scientific
research in this field has directed towards the fast development of
numerous synthesized compositions. Since then, an increasing
number of about 30 MXene-based compositions are reported
(noticeable with blue color in Fig. 1), and several others have been
surveyed through computational means (noticeable with the gray
color in Fig. 1)'°.

The introduction of two transition metals into MXenes imparts
distinctive features in the MXene structure. The double transition
metals form solid solutions, for example (Ti, Nb)CT, (noticeable
with green color in Fig. 1). In addition, the transition metals can
also build a single flake of 2D MXene with ordered structures, both
by building transition metals atomic sandwiches like Mo, TiC,T,, or
in-plane well-ordered structures like (Mo,/3Y4,3),CT,. However, in
2014 the ordered MXenes were synthesized and updated in
2015%°, and several MXene composites have been prepared
recently (noticeable with red color in Fig. 1). Scientists have
developed many ordered double transition metal MAX phases
since 2017 and have rigorously exploited their characteristic

properties, including magnetic behavior? 3. Recently with

computational findings on MXenes and their precursor derivatives
have estimated numerous possible MXene frameworks*>™7. A
huge number of non-stoichiometric MXenes, with finely tuned
properties and mixed transition metals or carbon nitrides, can be
synthesized by the creation of solid solutions on M and X sites?®,
Currently, researchers attempt to generate and include additional
X elements to 2D boride systems. The carbides, carbonitrides, and
nitrides are having hydrophilic surfaces due to the termination of
groups such as hydroxyl, fluorine, and oxygen®>°2°, They can be
turned into films, devices, and coatings because of easy
processing and least required stabilization®'~*3, The MXenes are
predicted to have intriguing electronic and thermoelectric proper-
ties>**3%, with an optical bandgap of 0.9 eV for oxygen-terminated
Ti,C'®%. But Ti;C,T, MXene shows high metallic conductivity
while Mo,CT, and Mo,TiC,T, show semiconductor behavior?®3’.

Due to various combinations and surface terminations, many
members of the family are yet to be explored. It also paves the
way to explore the ion dynamics between the MXene layers and
their possible replacement for electrolytic capacitors which
incidentally would increase the voltage window and upgrade
the storage level and cycle life®. This review has laid its emphasis
on providing a bird-eye view on the MXene science. It focuses on
structural design and preparation features of MXenes and includes
their application from energy storage devices i.e., micro-
supercapacitors (m-SCs) and batteries to electrochemical catalysts
applicable in both hydrogen production reactions and reactions
involving oxygen reduction.

SYNTHESIS, STRUCTURE, AND PROPERTIES

The MXenes constitute a family of over 60 members belonging to
multilayered and hexagonal geometric metal nitrides, carbides, or
carbonitrides like titanium carbides®®, molybdenum carbides*,
tungsten carbides®', titanium nitrides*?, tungsten nitrides, molyb-
denum nitrides*?, vanadium nitrides**, and the combinations of
metal carbides and nitrides*>. MXenes are derived either from
inorganic ternary carbides or from nitrides, generally known as
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Fig. 1
MXenes that have been explored, are included in this table. The top 1

Different compositions of MXene reported to date. The theoretical (depicted in gray), as well as experimental (depicted in blue)

st row represents the Mono-M structures of MXenes; the 2nd row

represents solid solutions (SS) with Double-M, and their corresponding composition is depicted in green color. The 3rd row represents the
ordered Double-M MXenes, and their corresponding compositions are shown in red. The 4th row is an ordered divalent structure, investigated
only for M,C MXenes, resulting in M1.33 C MXene due to ~33 atomic vacancies in its M layers, and their corresponding compositions are

shown in pink. Reprinted with permission from ref. '2,

MAX phases, here M signifies the early transition metal; A
represents an A-group element (usually group IlIA or IVA), X
represents carbon and/or nitrogen atom and the value of n can be
1-4384647 It has been quite difficult to isolate the M, 1X, layers
from MAX phases by mechanical shearing due to strong metallic
nature of M-A bond. However, by treatment of more chemically
active M-A bonds compared to the stronger M-X bonds, prompts
to etch A layers selectively. The etching of A layers with high
selectivity is the key point for MXene production. The synthesis of
MXenes from parent MAX phases by selectively etching A layers is
demonstrated in Fig. 2a, b*®*°. Numerous MXenes can be
generated at room temperature to 55°C while optimizing the
time of reaction and concentration of HF as demonstrated in Fig.
2c-e. A multilayered ternary carbide (MAX powder, here, M3AC,)
was mixed with an acidic solution of HF (for example, HCI-LiF) to
produce multilayered M3C,T, MXenes. In this process, the A layer
(such as aluminum) was selectively etched out and surface groups
were terminated with hydroxyl groups, oxygen atoms, or fluorine
terminations (T,). Inclusion of water molecules, cations, dimethyl-
sulfoxide (DMSO), Tetrabutylammonium hydroxide (TBAOH), etc.
into the interlayer spacing, pursued by sonochemical treatment
delaminates and generates single flake MXene dispersions. The
condition of etching of Al-containing MAX phases differs among
different transition metals due to the variable structure, size, and
bonding of the material. HF possesses very high and selective
etching behavior with the capability to remove selectively
different SiC polytypes°. It has been experimentally found that
an increase in the atomic number of M needs a longer time and
strong etching, it could be associated with M-Al metallic bonding.
Acknowledging that the M-Al bonding nature is metallic, we
assume that a larger number of M valence electrons requires
stouter etching®®*’. In general, the quality of MXene in terms of
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surface chemistry and concentration of structural defects can be
produced under distinct etching conditions. The Al atoms were
etched using aqueous HF in layered hexagonal ternary carbide
TizAlC, producing the first MXene Ti3C,”". This happened to be the
first member discovered of an approximate 70 member family
with generic formula M, ;AX,, where the M, A, X are the likes of
the combinations of (MOle)AlCz, Ti3(A|0.55i0_5)C2, TizAl(Co_sNo_S)
expelling the A (IlIA or IVA) atoms leaving behind the layers of
metal carbide of M, X, arrangement®2. The unit cell packing is
such that X atoms fill up the octahedral positions packed with M
atoms giving rise to the arrangements abiding the formula M,
X, interrupted by A atoms®3. There is a difference in the
bonding nature of M-X and M-A, the former being ionic or
covalent while the latter being purely metallic which makes A
more prone to etching, and the distance between the M-A and
M-X makes the difference rendering them strong or relatively
weak based on the distance®,

There are various terminations functional groups such as -F,
-OH, -0 in MXenes after the exfoliation from the MAX phases. The
F-terminated MXenes are not stable as the F group gets rinsed by
washing just adding the O~ or OH termination. The OH
termination change to O on metal adsorption processes or
exposure to high-temperature treatments®®. The etching condi-
tions are necessary to complete the MAX phase conversion to
MXenes. Several improvements are being made on that front and
the worthy to mention is the proposed use of soft etchant
ammonium bifluoride, NH4HF,, in place of HF. The delamination
process of MXenes witnesses the simultaneous etching and
intercalation thereby giving rise to the reaction below (1). In this
reaction, the atomic layers of Ti;C,T, are more uniformly spaced
and s;c?cked nearby due to the intercalation of both NH; and
NH, 2>,
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Fig. 2 The synthesis of MXenes from parent MAX phases. a The different structures of MAX phases and the respective MXenes. Reprinted
with permission from*8, b Schematic description of MXene synthesis procedure from MAX phases. a, b reprinted with permission from>* ACS
Nano 2012, 6, 1322-1331 Publication Date: January 26, (2012) https://doi.org/10.1021/nn204153h Copyright (2012) American Chemical Society;
(c-e) Preparation and morphological characterization of MXenes. ¢ Showing images of MAX structures (such as M3zAC,). From left-side to right-
side: graphical illustration of the basic atomic structure, optical image of powder Ti;AIC; source, low and high magnified FESEM micrographs
of TizAlC; flake, and high-resolution TEM (HRTEM) image of Mo,TiAlC,. d Showing images of multilayered MXene. From left to right: graphical
illustration of the basic atomic structure, optical image of TizC,T, powder, low and high-resolution FESEM images of TizC,T, and HRTEM image
of Mo,TiC,T,. e Showing images of final exfoliated MXene. From left-side to right-side: schematic illustration of the basic atomic structure,
optical images of 400 ml of exfoliated TizC,T, in water, an optical image of the Mo,TiC,T, MXene film formed by vacuum filtration, a cross-
sectional FESEM image of the Mo,TiC,T, MXene film, and a single-layer HRTEM image of the Ti;C,T, flake. Reprinted with permission from'®.

TizAIC, + 3NH,HF, = (NH,)sAIFs + 3/2H, + TisC, M
Ti3C + aNH4HF, + bH,0 = (NH3)c (NH,)d TisCo(OH),Fy @)

Another efficient method of improving the yield of TisC,T,M-
Xene is by dissolving TizAlC, powder in a mixture of LiF and HCI
solution, supported by heating at 40 °C for long hours (45 h), and
subsequently washing the solid sediment and increasing the pH.
The as-prepared clay type structure is rolled into free-standing
flexible films with high volumetric capacitance®®. MXene sheets
prepared by LiF/HCI method possess defect-free features and
larger lateral sizes compared to HF-etched samples®’. The MXenes
like Ti,;1X, are known to be metallic and this characteristic
diminishes as the additional bonds of Ti-X are formed. Titanium
nitrides exhibit more metallic properties due to extra electrons on
the N atom than the carbon atom on the titanium carbides®®°,
The terminated MXenes like Hf,CO,, Zr,CO,, Sc,C(OH),, Sc,CO,,
Ti,CO,, and Sc,CF, have narrow bandgaps and they need tuning
of electronic structure to be applicable in optoelectronics®’.

Figure 3a depicts the schematic representation of etching steps
with the elimination of the Al layers, which is pursued by the
inclusion of hydrated lithium ions. In this procedure results
bulging of TisC, sediment occurs, as represented in Fig. 3b. As-
prepared different concentrations (10-30 mg/mL) of TisC; slurries
in glass vials are shown in Fig. 3c, here solutions with high
concentration (i.e., 20 and 30 mgmL ") adhere more strongly to
the glass vials. Moreover, besides the high concentration of
MXene inks, the MILD method helps to prepare high-quality and
larger MXene flakes, showing enhanced electronic properties®.
The differences between TisC, ink sediment and the TisC,
(delaminated) supernatant suspension were quantified by using
dynamic light scattering, electrophoretic mobility description
along with particle size as well as zeta potential analysis. The
high negative {-potential value was observed in the stability area

Published in partnership with FCT NOVA with the support of E-MRS

below —30 mV for both the Ti;C, supernatant (at pH 5.16) and the
TisC, ink sediment (at pH 5.89) as shown in Fig. 3d. It was
observed from the particle size that the polydispersity index of
0.472 with the distribution of peak positions at =1.5 um (86.7%),
=4.7 um (9.6%), and 0.3 um (3.6%) was revealed by delaminated
supernatant. However, the ink sediment showed a polydispersity
of 0.549 with a mixture of larger flakes and many-layered
nanostructures exhibiting two distribution peaks near =8.3 um
(66.3%) which is intense, and at =1.1 um (33.7%) which is similar to
the delaminated supernatant peak. In addition, different concen-
trations of water-based MXene inks filled in pen cartridges to
fabricate MXene Pens as demonstrated in Fig. 3e.

Water-based MXene inks can be applied in various deposition
techniques based on the demand as shown in Fig. 3f-i. These
water-based inks can easily be brush painted (f), stamping with
higher concentrations of MXene inks ie., 20-30mgmL™~" (9)%,
printing at a concentration of 1 mg mL™" (h), direct writing using a
simple rollerball pen filled with MXene ink with the concentration
of 30mgmL~" (i). Ti;C, printing on paper demonstrates the
feasibility of applying MXene inks for fabricating functional
devices on paper substrate. However, for printing applications,
certain parameters such as stability and the rheology of ink need
to be well optimized. Figure 3j-n demonstrates that the MXene
inks in rollerball pens can be applied to a multitude of surfaces by
direct writing. The written patterns on the paper show good
stability, better adhesion after folding, also long-term storage.

CLEAN ENERGY CONVERSION AND ROLE OF MXENES INK FOR
PRINTABLE ELECTRONICS AND FLEXIBLE ENERGY STORAGE
DEVICES

MXenes possess exceptional combinatorial properties, such as
higher electrical properties and mechanical behavior of carbides/

npj 2D Materials and Applications (2021) 61
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Fig. 3 Additive-free water-based MXene ink preparation. a schematic illustration of the MILD etching method using LiF/HCI at 35 °C for
24 h, b TisC; sediment swelling during washing step, ¢ different concentrations of MXene inks in glass vials, and d Zeta potential of the TisC,
Mxene, e optical images of rollerball pen images for direct writing of TisC, inks., Water-based MXene inks for prototype fabrication: f painting,
g stamping, h printing, and i writing of TizC, on a paper substrate, respectively. j MXene has written on different substrates, k drawing
apparatus (AxiDraw) with automatic set-up and patterning controlled with a computer, | TisC; ink lines fabricated at different speeds pen
writing, m versatile MXene ink patternlng with AxiDraw, and n demonstration showing MXene inks portraying patterns onto even fruit

surface. Reprinted with permission from®

nitrides of transition metals; functional groups at the surfaces
making them hydrophilic and prone to bonding with different
chemical species; comparatively higher negative zeta potential,
ability to form and remain stable in aqueous suspensions; and
electromagnetic wave absorption with high efficiency. These
ubiquitous properties paved the way for a huge number of
potential applications. Applications of MXenes have exclusively
presented as the circular pie chart in Fig. 4°°. The first and the
most explored MXenes applications remained dedicated to energy
storage. The exploitation of MXenes in the biomedical research
arenas, although only recently explored, has evolved as one of the
emerging study areas, focusing on photothermal cancer therapy,
biosensors, theranostics, neural electrodes, and dialysis®>°°.
Another field for MXene being dominant over other nanostruc-
tures is electromagnetic applications which include electromag-
netic shielding interference and printed antennas®. The research
work in other fields, such as electronic and structural applications,

npj 2D Materials and Applications (2021) 61

Fig. 4 Applications of MXenes. The circular pie chart demonstrates
the proportion of published work within apiece explored character-
istic for MXenes application.
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is progressively being studied theoretically as well as experimen-
tally. Many predicted characteristic properties of MXenes such as
topological insulators or ferromagnetism, have yet to be
investigated and validated experimentally. These nanoelectronics
applications give a clear indication that MXene is establishing
another crucial 2D material that can attract significant attraction in
the portable electronics industry in near future. Generally, the
applications of MXene are more predominant in the area of
energy conversion devices and storage®.

Mo,CT, MXene plays a very important role as active and
conductive support to assist electron transfer for HER catalysis®®”°.
The preparation and thorough structural investigation of the
Mo,CT, MXene matrix encapsulated by MoS, was implemented by
Yu et. al”. By hydrothermal technique, they combined the
MoS,@Mo,CT, hybrids (see Fig. 5a-c) to increase the HER
performance in alkaline medium. MoS,@Mo,CT, nanohybrids
exhibited significantly increased activity of hydrogen evolution
reaction (HER) with a low overpotential of 176 mV at the current
density of 10 mA cm™2 and a very low transfer resistance of 26 Q
as compared to the parent Mo,Ga,C, Mo,CT, and MoS, catalysts
which exhibited much higher overpotentials of 897, 533 and
394 mV, respectively in alkaline medium. This synthesis strategy
and designed approach showed that by preparing organ-like
molybdenum carbide combined with MoS, nanoflowers, it is
possible to tailor the properties of MXenes for the desired
application. It is found that substitution of the mid-to-late
transition metals of group IlI-Vl within the host MXene matrix
significantly improves the catalytic efficiency and results in
relatively stable MXenes’?. Kuznetsov et al.”®> prepared cobalt-
incorporated molybdenum carbide (Mo,CT,: Co) MXene by
intercalation of gallium yielding Mo,Ga,C: Co lagged by removal
of Ga through HF treatment. Simulation studies performed via
density functional theory (DFT) calculations revealed that a small
quantity of Co in the Mo,CT, host lattice (Fig. 5d, e) imparts a
substantial perturbation in the electronic structure of Mo,CT,: Co.
The replacement of Mo by Co influences the adsorption energies
of hydrogen on the adjacent oxygen atoms of oxygen-terminated
Mo,CO,:Co surface, constructing these sites more promising for
HER catalysis. Urbankowski et al.*? (Fig. 5f) reported the first type
of 2D transition metal nitride MXene (Ti4NsT,). Instead of following
the traditional MXene synthesis methods, they used a melted
fluoride salt to etch Al from a Ti,AIN3 powder at 550 °C in an Argon
atmosphere in contrast to etching of MAX phase in aqueous acidic
medium. TBAOH was further used to delaminate the subsequent
MXene to yield few-layered and monolayers of Ti4NsT,, where T is
a surface termination (F, O, or OH). Produced TisN5 was anticipated
to be metallic. The simulation study results based on DFT revealed
that compare to terminated Ti4zNsT,, bare, non-terminated TizN3
have the highest density of states, as well as a magnetic moment
of 7.0 uB per unit cell. Later, Djire et al.”* reported the optical,
electrical, and electrocatalytic properties of the 2D TiyNsT, and
proved that TizN3T, MXene exhibits both metallic and semicon-
ducting behaviors. Specifically, when tested as an electrocatalyst
for the hydrogen evolution reaction, the exfoliated TisNsT,
presented an overpotential of ~300mV at —10mAcm 2 and a
Tafel slope of ~190 mV dec™ . These potential findings reveal the
interesting optical, electrocatalytic, and electrical properties of
Ti4N3T, MXene that extend the potential of these materials into
electrocatalysis and optoelectronic applications. Xie et al. found
that when metallic Ti;C,T, MXene flakes are self-assembled with
positively charged CNTs as spacers, see in Fig. 5g, h, this 2D/1D
combination, when compared to MXene/graphene - 2D/2D films
give rise to the much efficient porous structure by interrupting the
ordered stacking which aids the MXenes to access the electrolyte.
The MXenes/CNT papers demonstrated good rate capability, long
cyclic performance, and high volumetric capability due to the
formation of the conductive net with effective restacking’®. Many
of these carbides and nitrides have found their applications in
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various clean energy-related areas ranging from batteries,
electrode materials, hydrogen evolution, and water splitting.
MXene and its nanocomposites and heterostructures are very
well explored for HER applications. However, due to its fast
oxidation in an aqueous environment, bare MXene is not yet
proved as a potential OER electrocatalyst. However, when MXene
is combined with other OER active layered double hydroxide
catalyst materials ie. Ni;, Fe,PSs’° CoFe’’, or with black
phosphorus quantum dots’®, it showed a significant OER
performance. The improved OER performance was credited to
the synergistic effect of active catalysts materials and the metallic
conductivity of 2D MXene. Characteristically, MXene is used as a
support due to its large surface area and functional group enrich
surface, with other OER active hybrid composites”®.

The MXenes find their application in clean energy technologies
as well. The parent ternary carbides Mo,Ga,C and Ti,AIC produce
MXenes like Mo,CT, and Ti,CT, by HF etching, on removing Ga
and Al atoms®. The electrochemical activities were demonstrated
by three-electrode electrochemical cells which had MXenes drop
cast on the glassy carbon electrode. As shown in Fig. 6a the more
potential HER catalyst at an overpotential of 283 mV was found to
be Mo,CT, attaining a current density of about 10mA cm™2 On
the other hand, the Ti,CT, MXene showed comparatively less
performance at the overpotential of 609 mV to realize the current
density of 10 mA cm~2 The HER activity of Ti,CT, decreases
further predicting instability as compared to Mo,CT, which
undergoes only a slight initial reduction, but later maintains a
stable HER, reaching 10 mA cm™2 at an overpotential of 305 mV.
As demonstrated in Fig. 6b, no critical change in overpotential was
noticed for either Mo,CT, or Ti,CT,, corresponding XPS in Fig. 6¢
shows the investigated changes in the chemical state of Mo,CT,
before and after HER performance.

The oxygen reduction reaction (ORR) is a crucial phenomenon
when it comes to energy conversion devices. The ORR is a rate-
limiting step in the case of proton exchange membrane fuel cells,
to generate electricity and determine the performance of the cell.
The ideal ORR catalysts are usually Pt-based alloys despite having
good catalytic performance, face the limitation of instability and
CO poisoning. To combat this, a range of nano dimensional
carbides like Mo,C, WC, and VgC have shown increased HER
activity while Mo,C, VgC,, and CrsC, have shown ORR activity and
could be used as cost-effective replacements as demonstrated by
Regmi et al®2. Using first-principles calculations Liu et al®'
theoretically investigated the impacts of surface termination
groups of MXenes that crucially influence the ORR performance.
The properties of various surfaces are explained by thorough
computational examinations of the geometries, charges, and their
electronic structures. The F-ended surfaces are anticipated to
exhibit a superior activity for ORR yet with an inferior stability than
the O-ended equivalents (Fig. 6d). The volcano plot in Fig. 6e
shows the calculated performance of ORR on different surfaces.
The projected theoretical overpotential (nogg) is characterized by
the equation norgr = 1.23 — min (Upggr) (in V), where min (Uogg) is
the lowest ORR potential in the four electrochemical steps, and
the equilibrium potential of ORR is 1.23 V. All the F-terminated
surfaces display preferably good performance of ORR than O-
terminated surfaces. The lowermost overpotential was experi-
enced by the Pt/v-TizC,F, surface with nogrgr = 0.74 V. This work
provided a comprehensive understanding of the electronic impact
aroused by the termination groups and may stimulate insights of
practical MXene frameworks for ORR catalysis. Yang et al. prepared
non-noble metal composited catalyst of Fe-N-C@TizC,T, (Fig. 6f)
by a separated pyrolysis synthesis technique and experimentally
found that TisC,T, MXene not only performs as a decent
conductive substrate, yet addition can meritoriously lessen the
agglomeration and breakdown of Fe-N-C after carbonization, and
enrich the ORR activity and stability of the Fe-N-C catalyst®®,
Fig. 6g, h displays the LSV curves of Fe-N-C, Fe-N-C@MXene, Pt/
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https://doi.org/10.1021/jacs.9b08897 Copyrlght (2019) American Chemical Society; (f) Graphical scheme showing the TisNsT, synthesis from
the molten salt treatment of Ti4AIN3 at 550 °C in Ar atmosphere, followed by delamination of the multilayered MXene by TBAOH. Reprinted
with permission from*2. g graphical representation of the porous MXene/CNT electrode by the self-assembly method, h cross-sectional SEM
image of restacked T|3C2T /CNT. g, h used with permission from Elsevier B.V./Xie””.
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Fig. 6 MXenes for HER and ORR applications. a Anodic-going iR-corrected LSVs of Mo,CT, and Ti,CT, on glassy carbon as compared with
bare glassy carbon electrode compared and the activity of HER act|V|ty of Pt nanoparticles is also shown. b Temporal production of potential is
needed to retain a constant current density value of 10 mA cm™“. ¢ XPS spectra of as-synthesized Mo,CT,, and after HER testing. a—c reprinted
with permission from® ACS Energy Letters 2016, 1, 589-594; Publication Date: August 09, (2016) https://doi.org/10.1021/acsenergy-
lett.6b00247 Copyright (2016) American Chemical Society; d Graphical diagram shows termination effects of Pt/v-Ti, C,T, MXene surfaces
for ORR catalysis. e The volcano plot for the ORR potentials (Uogg, in V) as a function of the free energies of OOH* (AGoons, in V) on different
surfaces. d, e reprinted with permission from®' ACS applied materials & interfaces 2018, 11, 1638-1644; Publication Date: December 12, (2018)
https://doi.org/10.1021/acsami.8b17600 Copyright (2018) American Chemical Society; f non-noble metal-based Fe-N-C@TisC,T, catalyst
prepared by a facile separated pyrolysis strategy. g LSV curves of MXene, Fe-N-C, Fe-N- C@MXene and Pt/C in 0.1 M KOH. h LSV curves of
MXene, Fe-N-C, Fe-N-C@MXene, and Pt/C in 0.1 M HCIO,. Reprinted with permission from?®

C, and MXene in 0.1 M KOH alkaline and 0.1 M HCIO, acidic
medium, respectively. The Fe-N-C@MXene exhibited superb
electrocatalytic ORR activity with a half-wave potential of 0.887 V
and a limited current density of 6.4 mA cm ™2 as compare to pure
Fe-N-C having half-wave potential of 0.809V, limited current
density of 5.3mAcm 2, which can even compete with the
commercial Pt/C. It is important to note that pure MXene
displayed nearly no ORR activity because of the absence of active
locations. It was interesting to note that Fe-N-C@MXene disclosed
an incredible increment on electrocatalytic ORR activity with a
half-wave potential of 0.777V and a limited current density of
5.7mAcm™2 in the acidic medium as well. To date, information

Published in partnership with FCT NOVA with the support of E-MRS

about designing MXene-based nanocomposites with interesting
activities for excellent OER and ORR is still at an early research
stage because of their sluggish kinetics. In this view, we foresee
that these reports will establish a decent framework to encourage
interest in the pursuit of engineering MXene composites for the
potential OER and ORR applications in the field of clean energy
conversion. These investigations validate the arising role of
MXenes as an extraordinary 2D substrate to incorporate with
other active catalyst materials to design efficient MXene-based
composite heterostructures with nano-interfacial contacts in
electrocatalysis. The practice of noble metals like Pt and Ru as
an electrocatalyst profoundly inhibited for large-scale application
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due to high cost and shortage. It is concluded that the utilization
of transition metals in addition to noble metals nanoparticles
opens another pathway to reveal the better and cost-effective
MXenes-based electrocatalysis performance. Consequently, the
unremitting quest for inexpensive metal nanoparticles incorpo-
rated MXenes hybrids with high electrocatalytic activity, efficiency,
and stability is still critical and challenging.

TizC; is gaining much attention in the synthesis of MXene-based
photocatalyst as a potential contender to boost the semiconduc-
tor photocatalyst efficiency owing to their outstanding electronic
properties, tunable surface, and the probability of bandgap
engineering. MXenes could be exemplified to be a versatile
open-ended exploration area in materials science for energy
conversion via photocatalysis®*#*. MXenes can play various roles
in the fabrication of promising hybrid-photocatalyst materials to
enhance the activity and stability of pristine semiconductor
photocatalysts®®. When hybridized with other semiconductor
photocatalysts®®, MXene results in a remarkable increase in its
efficiency by not only adding more active reaction sites but also
altering the energy of surface adsorption”%¢,

In this search, Liu et al.®” reported nanoconfined cocatalyst of
TisCo/Ru by direct reduction of Ru*>* ions which led to the

formation of TiO,-TisC,/Ru due to in situ conversion of TiO, on the
surface of TisC,/Ru (see Fig. 7a). This typically designed catalyst
showed more proficient charge accumulation and transport than
observed in the conventional Ru-TiO,-TisC,. It is found that
increasing the detachment between the sites of reduction and
oxidation reaction impedes the recombination of the
electron-hole and improves photocatalytic operation®®°. The
average H, evolution rate touched 2353 pmolg 'h™' for
optimized TiO,-TisC;/Ru —20 catalyst. (Fig. 7b). The Ti3Cy/Ru
cocatalyst’s higher work function imitates a low level of Fermi
energy, resulting in a rapid transfer rate of photogenerated
electrons to the TisCy/Ru cocatalyst and eradicates induction the
of cycle involved in the photocatalytic H, production (Fig. 7¢)°". In
this exclusive design strategy, TisC, MXenes played a key role to
detach the semiconductor from cocatalyst. The developed
material showed the good structure and surface stability as well.

In another recent study, Xiao et al.>? prepared a heterojunction
of 1D CdS nanorod/2D TisC; MXene NSs by combining
solvothermal-prepared CdS nanorods and 2D TizC, sheets (Fig.
7d). The obtained 1D CdS/ /2D TisC, MXene composite photo-
catalyst showed sevenfold improved activity of 2407 umolg™"' h™"
than pristine CdS nanorods in the solar-driven hydrogen
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Fig. 7 MXene based photocatalysts. a Schematic synthesis steps to developed TiO,-TisCy/Ru, b photocatalytic H, production trend of the
different catalysts, ¢ graphical r Bpresentation of transportation paths of electron—hole pairs on TiO,-TisCo/Ru composite catalyst. a—c
Reprinted with permission from®’ ACS Nano 2020, 14, 10, 14181-14189; Publication Date: October 4, (2020) https://doi.org/10.1021/
acsnano.0c07089 Copyright (2020) American Chemical Society; d Schematic diagram of the synthesis of CdS/MXene composites,
e Photocatalytic H, production of prepared samples, f schematlc representatlon of 1D CdS/2D MXene Schottky heterojunction for hydrogen
evolution. d-f used with permission from Elsevier B.V./Xiao®2. g Schematic design for the synthesis steps of hierarchical M@T/ZIS,
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production (see Fig. 7e)®. The notation of CM-10, CM-20, CM-30,
CM-40, and CM-60 only represent 1D CdS/ /2D TisC, catalysts
prepared by using different amounts of ultrathin exfoliated TisC,
MXene sheets. The improved performance is attributed to the 1D/
2D Schottky heterojunction, which offered rapid charge separa-
tion and low Schottky barrier height for photocatalytic H,
evolution reaction (Fig. 7f)**°.

Meng et al. prepared a hierarchical Ti;C;, MXene@TiO,/ZnIn,S,
nanostructures by conducting hydrothermal oxidation of TisC,
MXene to in situ grow entrenched TiO, NSs, then ZniIn,S; was
deposited on it by adjusting the appropriate amount of suitable
precursors (Fig. 79)°”?%. The engineered M@T/ZIS mesoporous
hybrid-photocatalyst material exhibited tremendous visible-light
absorption performance, exclusive property of separation and
transport of photogenerated charges, and high photocatalytic H,
evolution efficiency with a rate of 1185.8 umolg™"h™' that was
9.1- and 4.6-folds higher than that of M@TiO, and pristine ZIS (Fig.
7h), correspondingly. That was attributed to the synergistic effect
of ZIS visible-light absorption®®, suitable TiO, nanosheet band
location'®, excellent conductivity, favorable light-harvesting, and
abundant TisC, active sites'®’, and in particular to the allow
interfacial interaction between the three components (Fig. 7i). The
specific separation and transfer of photogenerated charges
through rapid transfer channels, consisting of a well-designed
type Il heterojunction between ZIS and TiO,, and a TisCy/
semiconductor interfacial Schottky junction, was given by
engineered ternary heterojunction'®. In summary, MXenes based
hybrid nanocomposite photocatalysts improve their photo-activity
and stability for photocatalytic applications and encourage the
coherent exploitation of MXenes in the field of photocatalysis. The
practical use of monolayer TisC,T, MXene as a photocatalyst is
limited due to the complicated preparation of single-layer TisC,T,
MXene, low structural stability due to fast oxidation in water, and
ultra-sensitive handling of single-layer or few-layer structures.
However, the stability of the MXene-based composite catalysts
produced by in situ growth is noteworthy. As a catalyst support,
MXenes plays an incredible role due to its hydrophilicity, excellent
metallic conductivity, and Ti reactive sites exposed on the surface
of MXenes, which indorses catalytic reaction. Regardless of these
serious issues that need to be resolved, implementing TisC,T,
MXene is well-intentioned for advance exploration in photocata-
lysis. To make the exploitation of MXene practically feasible in the
field of clean energy production/conversion, the primary problem
which needs to be address on emergency basis is low structural
stability of MXene.

TizC; MXene inks have been developed and directly applied for
direct writing of conductive features for electrical circuits and
energy storage appliances on a vast range of substrates®’. MXene
inks of TisC5 up to 30 mgmL™" can be filled into rollerball point
pens for facile and smooth drawing without any leaking or
blocking issues. The conductive text of MXene was fabricated
promptly on different platforms such as paper, plastic sheets,
polypropylene membranes (Celgard), and textiles. Desired pat-
terns of any geometry can be fabricated by writing manually or by
employing an automatic instrument for drawing. Direct writing of
MXenes for functional devices as a proof-of-concept for m-SC was
drawn on a different substrate and utilized as power sources.
Another significant progress of using MXenes in m-SCs has been
explained by Ghidiu et al.>® The significance of this research is
conceived from the perspective of providing a readymade power
source to portable electronics, microsensors, and microelectro-
mechanical systems [MEMS]. MXenes demonstrate high gravi-
metric capacitances and improved volumetric characteristics
owing to a much wider packing density of ~4.0gcm™>°. The
device was fabricated by the process of spray coating where the
large-sized TizC,T, MXene (L-TisC,T,) was deposited on the glass
substrate followed by deposition of an electroactive layer of small
size Ti3C,T, spray on the top. This was followed by the aid of direct
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laser cutting to create the interdigital pattern of a specific central
area of 8 x 6 mm on the stack arranged MXene film. The suitable
electrolyte gel of PVA/H,SO,4 was used to develop the interdigital
design and then left overnight which led to the development of all
MXene-based solid-state m-SCs (L-s-TizC,T,)°C.

ENERGY STORAGE APPLICATIONS OF MXENES

The accommodation of variable-sized ions between 2D layers of
M, 1X,Tx makes MXenes suitable to use in lithium-ion batteries
(LiBs), where the electrode materials are limited. Figure 8a
demonstrates the key aspects revealing theoretical and experi-
mentally confirmed ion insertion into MXenes sheets from organic
electrolytes. When X-ray absorption spectroscopy was used to
examine the Li* charge storage mechanism in Ti;C,T, MXene, an
incessant variation in the oxidation state of transition metal (i.e.,
Ti), through charging and discharging, was observed up to 0.5V
versus Li/Li* as shown in Fig. 8b®. Interestingly, reducing the
potential further does not interpret into an alteration in oxidation
state. Li atoms form another layer reversibly due to the 2D
structure and conductivity of MXenes, as shown in Fig. 8a. This
results in boosting the capacity two-fold, and it is expected that
the same mechanism applies to other MXene nanostructures®%1%,
MXene-based electrodes with typical capacities fit in the range of
50-200mAh g~ " at rates above 10C (for 6 min charging). As a
result, in the galvanostatic charge-discharge outline, the MXenes
do not show a plateau region in metal-ion batteries as shown in
Fig. 8b, which resembles the behavior of supercapacitors.
Furthermore, the optimization of the architecture of the MXene-
based electrode enhances the capacity. In addition, integration of
porous MXene flakes with carbon nanotubes (CNTs), results in a
high lithium-ion capacity of 750mAhg ''°* Fig. 8c shows
oxygen-terminated MXenes in Na-, K-, Mg-, Ca- and Al-ion
batteries and their theoretical capacities®®. For Na™ and other
ions, the creation of an extra metal layer was estimated, which
would result in an increase of the capacity by twice. Likewise, the
various MXenes provide a wide variety of working potentials due
to the possibility of tuning their chemical, structural and surface
chemistry, which considers them suitable candidates for either
anodes'® or cathodes'% as shown in Fig. 8d. It has been shown
theoretically that Li™ 3 and other ions*®'%7%° demonstrate low
diffusion barriers in MXenes. These results are in good accord with
the experimentally observed performance for many
MXenes'?>"'%1 " MXene composite electrodes demonstrate
promising results for high-rate and high-performance batteries.
Like, Ti,CT, or TisC,T, have been applied in Li-S-based batteries as
conducting sulfur hosts. The results are dramatic with better
stability and cyclability due to robust interface amongst poly-
sulfide species and MXene functional groups, as demonstrated in
Fig. 8e''''3, Similarly, tin (Sn) nanoparticles encapsulation
between the layers of TisC,T, MXene out-products with steady
performance and a higher volumetric capacity touching
2000 mAh g '. The same approach of hybridization of other
nanomaterials with MXene nanostructures can be used to
enhance the rate capability and cycle life of other high-capacity
electrodes substantially that undergo a remarkable volume
alteration upon intercalation. In this strategy, while preserving
the electrical and structural connectivity, the MXenes provide a
conductive base of a matrix that assists the contraction and
expansion of particles.

Sun et al. experimentally investigated that gravimetric capaci-
tance of TisC,T, MXenes can be significantly improved by cation
intercalation and surface alteration. After removal of termination
groups (OH/F™) and cation intercalation, the pseudocapacitance
is three times greater than the pure MXene. Furthermore, the as-
synthesized electrodes show above 99% retaining over 10,000
cycles. The surface-modified MXene revealed outstanding perfor-
mance with over 500 F g~ of specific capacitance at 1TmVs~ ' "%,
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Fig. 8 MXenes as conductive electrodes in batteries. a Schematic representation of Li* insertion in the TizC,T,. Without and with the extra
lithium film, the valence electron localization functions are described. b Edge energy variation of titanium versus capacity of MXene during
delithiation and lithiation process integrated along the analogous voltage contours. ¢ On the oxygen-terminated MXene sheets, theoretical
capacities of nonlithium and lithium ions were theoretically obtained. a-c reprinted with permission from3® JACS 2014, 136, 17, 6385-6394;
Publication Date: March 28, (2014) https://doi.org/10.1021/ja501520b Copyright (2014) American Chemical Society; (d) Cyclic voltammetry
(CV) curves of V,C and Ti,C in a Na™ electrolyte. d reprinted with permission from'% The journal of physical chemistry letters 2015, 6,
2305-2309; Publication Date: June 5, (2015) https://doi.org/10.1021/acs.jpclett.5b00868 Copyright (2015) American Chemical Society;
e Performance representation of Ti,C-S MXene composite in Li-S batteries; A graphical demonstration of the substitution of the Ti-OH bond
with S-Ti-C bond on the MXene surface upon treatment by heat or contacting with polysulfides (presented on the leftward); the cyclic
functioning of a 70 wt% d-Ti,C-S MXene composite at C/2 and C/5 (in middle); and long-period cycling at C/2 is presented on the rightward.
Reprinted with permission from''2,

Talapin et al. designed a versatile synthesis strategy to introduce For example, a material with a wide active surface area that is

and eliminate the surface functional groups on 2D transition metal accessible to electrolyte ions, such as graphene, can contribute
carbides (MXenes) flakes by conducting substitution and elimina- significantly to the electrical double-layer capacitance. However,
tion reactions in molten inorganic salts. The effective preparation this is inadequate to meet the needs of future microelectronics. To
of MXenes with O, NH, S, Cl, Se, Br, Te surface terminations, and  increase the energy density of supercapacitors, TMDCs and
naked MXenes was investigated. Such MXenes demonstrate transition metal oxides are used. However, they lack high carbon
distinct structural and electronic features''>. electrical conductivity, necessitating the use of a carbon-based

binder or current collectors to boost efficiency. MXene has
. . emerged as a great solution to this problem in this regard, as a
Micro-supercapacitors (m-5Cs) 2D material, it has a wide surface area favorable for electrical
Because of the rapid growth of portable and wearable electronics, double-layer capacitance. Simultaneously, it improves pseudoca-
there is an increasing demand for compact miniaturized energy  pacitance significantly, thanks to an intercalation mechanism that
storage devices. In this search, m-SCs are an appealing solution for  can accommodate a wide range of cations. MXenes have recently
the design of these microelectronics due to their infinite lifetime proven to be a promising material for advanced m-SCs with high
and high power density, but the scalable output is also based on energy and power densities. Due to high pseudocapacitance,
electrode materials and manufacturing protocols. Active materials metallic conductivity, and ease of solution processing, MXenes
in supercapacitors are picked based on the targeted application. have recently proven to be a promising material for advanced
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Fig. 9 Micro-supercapacitor fabrication using MXene ink Pen. a An array of micro-supercapacitors of MXene ink written on paper, b optical
images of patterned spiral MXene circuit, ¢ cyclic voltammograms (CVs) at different scan rates of MXene-based m-SC on paper, d A series of
four MXene-based micro-supercapacitors joined on a rounded paper cup, e corresponding CV, f-i MXene patterns transferred to scotch tape

(h, i), from Celgard: a polypropylene membrane (f, g). Reprinted with permission from®*.

m-SCs with high energy and power densities. The interdigitated
electrode of MXene was patterned on paper and wood substrates
by using MXene pens as demonstrated in Fig. 9a, b. This strategy
of direct writing allows the fabrication of m-SCs on a broad range
of substrates, which is usually difficult to design with standard
techniques. A conventional gel electrolyte of polyvinyl alcohol and
sulfuric acid (PVA/H,SO,) was employed while performing
electrochemical testing of all the fabricated micro-
supercapacitors. As shown in Fig. 9¢, the cyclic voltammograms
(CVs) of MXene-based devices on paper substrates reveal the
capacitive behavior without employing any metal-based current
collectors. Paper-based supercapacitors cannot be used and show
non-rectangular CVs graphs due to the increased resistance of the
electrode material. In contrast, MXenes demonstrate high
electrical conductivity with better capacity without requiring
additional post-processing or current collectors. The single
MXene-based m-SC produced a typical areal capacitance which
was calculated to be 5mFcm 2 This value is superior to the
micro-supercapacitors of carbon materials fabricated in a similar
format''®. Graphene and carbon nanotubes were mostly
assembled with conductive electrodes as a current collector while
MXenes possess greater conductivity enabling the designing of
energy storage capacitors and sensors in one step. The flexibility
of the writing method was demonstrated by loading a rollerball
pen with TisC, to draw micro-capacitor devices onto a curvy
paper-based cup. A series of four TisC, based micro-
supercapacitors in a row demonstrated a voltage of 2.4V, enough
to illuminate a red LED, as presented in Fig. 9d-i. In addition,
besides writing on porous substrates, the MXene ink pen can be
applied to draw many features on the smooth polypropylene
membrane surface. Thus, the versatile MXene pattern writing
enables for generating flexible and all MXene-based electronic
devices.
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Directly printed additive-free MXene ink-based m-SC has shown
an excellent volumetric capacitance of 562Fcm™3 with an
increased energy density of 0.32uW hcm 2, exceeded compare
to current for inkjet/extrusion-printed materials. The designed
approach paves a way not only in energy storage but also in smart
printed electronics, flexible circuits, packaging, and sensors''’.
Nitrogen doping increases pure MXene's electrochemical effi-
ciency through improved conductivity and redox activity. Pure
MXene-N ink with a moderately low viscosity is achievable to
assemble interdigitated m-SCs with the aid of the 2D screen
printing method, instantly harvesting an advantageous areal
capacitance''®. In situ synthesis and sodium ascorbate capping of
TisC,T, MXenes were performed to obtain a dispersion of SA-
MXene. Also, after 80 days of storage at room temperature and
subjected to sunlight, high oxidation resistance has been
achieved. This is due to the rise in SA-MXene sheets interlayer
spacing, without compromising their electrical conductivity,
demonstrated a volumetric capacitance of 720.7Fcm 3", To
contribute high pseudocapacitance, hydrous RuO, nanoparticles
were introduced between MXene layers and work as spacers to
efficiently help adjacent NSs to facilitate the transfer of electrons
from MXene to RuO, nanoparticles while creating an extended
electrolyte ion pathway. Without the addition of other inactive
additives, the 1D AgNWs coordinate with the 2D
RuO,-xH,0@MXene NSs to ensure high viscosity and sufficient
rheological activity for electrode ink. The continuous AgNW
network in the printed electrodes forms exceedingly conductive
electron pathways on a macroscale to facilitate charge transfer
while retaining a compatible structure to accommodate bending
stresses. After 2000 bending cycles with bending strain of 5%, the
screen-printed m-SCs based on this RuO,-:xH,0 @MXene-AgNW
nanocomposite ink exhibited a volumetric capacitance of 864.2 F
cm 3 at a scan rate of 1mVs ™', high rate capacity, superb cycle
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stability, and excellent flexibility retention of 87.3%'?°. Since
micro-supercapacitors are advanced energy storage microdevices
that exhibit relatively high electrochemical performance with
small volume. MXene due to its versatile energy storage abilities,
with high surface area conducting properties, are ideal electrode
materials for these electrochemical microdevices.

MXenes and Lithium-ion batteries

The accomplishment of LIBs for portable devices was recognized
by awarding the Nobel Prize in Chemistry in 2019 to John B.
Goodenough, M. Stanley Whittingham, and Akira Yoshino for their
research in improving modernized portable electronics'?'. LIBs are
ubiquitous today, frequently used for small electronics and electric
vehicles because of their superior energy storage density,
prolonged cycling life expectancy, and environmentally friendly
compared to other substitutes'®>'?3, To date, the prevalent LIBs
utilizing graphite as anode material are unable to meet the
rigorous needs for its less theoretical specific capacity (372 mAh
g )'**. MXenes proffer high competition with former 2D
materials owing to wide structural and chemical properties'?>'2¢,
That is why the theoretical investigation of different types of
materials can be useful to select the most encouraging material
for energy storage applications. It was observed through
theoretical studies that the gravimetric capacity of low formula
weight MXenes such as Nb,C, Ti,C, Sc,C, and V,C, are the most
favorable materials'?”. As compared to M;X, and M,X; electrodes
the M,X based electrodes show higher expected gravimetric
capacities. The external ions can only reasonably enter between
the MXene sheets because the M-X bonding is quite strong. This
hypothesis is supported by the experimental findings. For
example, Ti,C MXene should possess higher gravimetric capaci-
tance (~50%) than TizC, MXene, the reason being TisC, has one
non-active TiC layer, though both have similar surface chemistry.
This was supported experimentally; for Li* uptake, Ti,CT, MXene's
gravimetric capacity is ~1.5 times greater than TisC,T,, both
synthesized similarly®>''°. It is essential to mention that the
capacity for a particular material is not specified solely by its
formula weight. For instance, the highest capacity for Li* is shown
by V,CT, as compared to other MXenes tried under the same
conditions (280 mAhg~" at 1C and 125mAhg ' at 10C cycling
rates)'''. Furthermore, the Nb,CT, (180 mAhg~') shows higher
gravimetric capacity than Ti,CT, (110 mAh g™") at a similar cycling
rate of 1 C, though niobium (Nb) is heavier than titanium (Ti)''". In
part, the complex nature of ion storage also explains this.
Researchers have theoretically proved that surface terminations
are the main reason that can influence performance3®'?’. For
example, MXene materials with oxygen terminations show better
performance as compared to hydroxyls and fluorine-based
MXenes, in terms of capacity and lithium-ion transport®®°',
Recently, MXene solely and with other several 2D materials i.e
MoS,'28, WS,'?%, g-C3N, "%, have been significantly investigated as
LIB anodes because of their exceptional electrical conductivity, the
possibility of numerous surface terminations, high mechanical
strength, hydrophilic nature, advantageous layered structure for
ion/electron transportation, and the ability to accommodate
intercalants'®'. In 2011, Naguib et al. first suggested that the
multilayered flakes of TizC,T, MXene could be a possible
candidate as anode for lithium storage'’. Later studies into
MXene electrodes for LIBs have been pursued both computation-
ally and experimentally. In 2012, Naguib et al.** published the first
use of TisC,T, MXene in LIBs and recorded a high reversible
capacity of 225 mAh g™ at a current density of C/25. This finding
begins another area for researchers to investigate MXenes as Li*
intercalation host material for LIBs'?’. Later as-obtained TisC,T,
“paper” provided a superior reversible capacity of 410 mAh g~ at
the rate of 1C, which is significantly superior to etched- TisC,T,
MXene''®. When combined with other 2D materials, MXenes serve
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as conductive spacers to inhibit the agglomeration, leading to the
partial preservation of physicochemical properties similar to
monolayers'3?'33, Besides, during the charge/discharge process,
the vigorous 2D space produced by MXenes can serve as a
nanoreactor to limit the diffusion of the intermediates'*, This can
reduce the structural detachment of less stable 2D materials,
resulting in a reversible transition process between each layer and
a well-preserved interfacial contact.

Considering this concept, the growth of MoS,/MXenes 2D
layered heterostructures by in situ sulfidations of Mo,TiC,T,
precursor was investigated by Chen et al."®> Schematic Fig. 10a
shows that with the help of solution process method, sulfur
nanoparticles were introduced between the MXene layers that can
in situ react on the Mo, TiC,T, surface with Mo atom to create the
ultimate MoS,-on-MXene hybrid materials. The pure Mo,TiC,T,
XRD pattern (Fig. 10b) reveals the only peaks of (00l) with a d-
spacing of 21.53 A. In the filtered MXene film, the presence of all
the (00l) peaks shows the robust restacking of the flakes. For
MoS,/Mo,TiC,T,-500 and MoS,/Mo,TiC,T,-700, the d-spacing of
Mo,TiC,T, reduced from 21.53 A to 14.06 and 13.71 A, respectively.
The lattice spacing of around 14.0 A was measured in the TEM
picture (Fig. 10c), which agrees with the (002) peak in the XRD
pattern of the Mo,TiC,T,. Furthermore, an advance-designed
layered material with an interlayer spacing of 6.9 A was obtained
on Mo,TiC,T,, as of bulk MoS,'>®. Fig. 10c displays that two layers
of MoS, are in near contact with layers of Mo,TiC,T,, allowing
heterostructures of MoS,-on-MXene. Owing to synergistic effects,
the MoS,/Mo,TiC,T,-500 (500 shows that the heating temperature
was 500 °C) electrode illustrates an enhanced reversible capacity
of 554mAhg™" at 100mA g~ current density and maintains a
capacity of 509 mAh g~ after 100 cycles (Fig. 10d). The MoS./
Mo, TiC,T,-500 electrode demonstrated capacities of 484, 407, 315,
and 182 mAh g™, when the current density was amplified to 200,
500, 1000, and 2000 mA g, respectively. The MoS,/Mo,TiC5T,-
500 electrode produced a capacity of 90mAh g~ even at a high
current density of 5000mAg~" (Fig. 10e). In addition, the
computational findings show that the 2D heterostructures exhibit
metallic properties that additionally improve the electrochemical
performance of LIBs. MXene-based composite demonstrates
enhanced electrochemical storage abilities due to the combina-
tion of multiple components.

MXenes and sodium-ion batteries

During the past decades, rechargeable sodium-ion batteries (SIBs)
have attracted huge research interest as an economical source for
energy storage applications in clean energy, electric vehicles, and
smart grid, due to the availability of sodium in nature in contrast
to lithium'''3”, Nevertheless, because of the bigger size of
sodium ions, the interlayer space of more than 0.37nm is an
important requirement to improve the sodium-ion diffusion in
electrode materials for effective sodium-ion intercalation'2, This
problem could be resolved by developing ultrathin 2D layered
electrode materials with expanded interlayer spacing. The
diffusion path will be affectedly shortened by decreasing the
channels for sodium-ion insertion/removal '3, On the contrary, the
ionic conductivity is fairly influenced by enlarging the interlayer
distance, which is useful for effective sodium-ion intercalation'3®.
Besides TMDs, graphene, and g-CsN,'*°, 2D metal carbides
(MXenes) with atomically thin NSs, rich chemical composition,
extra functional groups, and excellent metallic conductivity have
got great perspective for application in inexpensive energy
storage and utilization applications''"'*3, It was found that
MXene is a promising anode for NIBs with short electronic and
ionic transportation pathways because of less diffusion barrier for
Na®, superb metallic conductivity, and intercalation capabil-
ity'*>'** While the diameter of 2D titanium carbide is in atomic-
scale (monolayer TiC3), it can attain the maximum theoretical
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capacity up to 1278 mAh g "', First-principles calculation

establishes that open-circuit voltage and low barrier energy can
be observed in monolayer TiC5'*. It was found that TiC; maintains
a metallic state when alloying two-layer Na atoms, confirming
great electric conductivity and prominent ultra-long cycle life'’.

Such interesting characteristics mark the TiCs monolayer,
specifically a metal-rich MXene, a favorable anode material for
SIBs contrast to multilayered MXenes'*2. To exploit the benefits of
MXene matrix with its distinctive 2D structure, exceptional metallic
conductivity, and intercalation ability, various techniques were
executed to improve the sodium-storage properties, together with
enlarging interlayer distance’**'*®, co-functioning with elevated
capacity ' and deterring the stuffing of MXene layers by
developing permeable structures”>'*4,

Sun et al."*® prepared sulfur-decorated TisC, MXenes (5-Ti5C,)
via the solution process method based on electrostatic attraction.
The delaminated TisC, MXenes were saturated in Na,S solution to
procure sodium-intercalated and sulfur-decorated S- TisC, (Fig.
11a). FESEM Fig. 11b shows the uneven surface of TisC, due to
sulfur contaminants induced by Na,S solution treatment at the
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surface of TisC, MXenes after soaking. More sodium storage was
allocated due to attached sulfur groups and additional fast sodium
diffusion paths were observed in sodium-pillared structures and
2D S-TisC> MXenes interlayers”>'*’. Due to self-enhanced kinetic,
intercalation pseudocapacitance, and surface-controlled pseudo-
capacitance, S-TisC, MXenes exhibited an excellent reversible
capacity of 135 mAh g~ ' at a current density of 2A g™~ after 1000
cycles, while investigated as an anode material for SIB (Fig.
HC)150,151_

To enhance the structural stability and electrochemical activity
of MXenes as an anode material for SIBs Zhao et al.">? combined
MXenes with NiCo bi-metallic phosphide (Fig. 12a). The colloidal
solution of a few-layered well-etched TisC,T, MXenes was mixed
with NaOH solution to prepare 3D wrinkled porous TisCoTy
network, Fig. 12b, e shows the respective FESEM and TEM
micrographs. A larger layer space was achieved as the high
concentration of Na™ intercalates among MXenes layers to change
the LiT">3. Moreover, the saturated —OH in solution substitutes the
—F terminal groups resulted in much higher chemical reactivity.
Wrinkled alkali-saturated MXenes TizC,/NiCo-LDH precursors were
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hired to get the 3D crinkled porous TizC,/NiCo hybrid, followed by
in situ phosphorizations to obtain TisC,/NiCoP product (see SEM
image in Fig. 12¢). Figure 12d demonstrates the working principle
of a TizC,/NiCoP based half-cell anode. Figure 12f shows that the
NiCoP particles were homogeneously dispersed at the surface of
TizC,, the conductive bi-metallic particles could help to prevent
aggregation and pulverization, overall resulted in rich redox
reaction sites, low charge transfer impedance, and excellent
electrical conductivity'>*'>°, The synergistic effect between the
high structural stability and electrochemical performance compo-
nents of NiCoP and MXene Ti;C, determined the outstanding
electrochemical efficiency, the high specific capacity of 416.9 mAh
g~' at the current density of 0.1Ag™" (Fig. 12(g)), holding a
specific capacity of 261.7 mAh g™ at a current density of 1Ag™"
after 2000 cycles (Fig. 12h). According to these recent findings,
Mxene is considered important material for secondary storage
batteries due to its inherent redox properties, the intercalation of
sodium and Lithium is well established however, there is a need to
further investigate the intercalation of multivalent ions. Moreover,
Mxene in different forms can be explored in Lithium-sulfur (Li-S),
lithium, and solid-state batteries.

SHELF-STABILITY OF MXENE DISPERSION

Delamination of MXene sheets aqueous colloidal solutions
produce all types of products; for example, thin films, MXene
inks, coatings, and electrodes, etc. However, these 2D materials
are extremely prone to oxidation', which could result in
chemical degradation and loss of functional properties. Hence,
the stability of MXene is of crucial significance for its application,
especially in the form of colloidal solutions which is a real
challenge. Zhang et al."*” investigated the oxidation of exfoliated-
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TizC,T, aqueous solutions and summarized procedures to
enhance their stability. In uncovered vessels, TisC,T, MXene
solutions degraded by 42%, 85%, and 100% after 5, 10, and
15 days, respectively, primary to the formation of cloudy-white
colloidal solutions mainly comprising anatase (TiO,). This suggests
that TisC,T, MXene aqueous suspension can be maintained well-
stable when it is kept in hermetic air-filled bottles at 5 °C due to
the dissolved oxygen, which removes the major oxidant of the
MXene sheets'’. Fig. 13a upper panel, demonstrates the higher
solubility of oxygen in water offers an incessant supply for MXene
degradation. The lower panel shows the lack of dissolved oxygen
in water (a moderate oxidant) in Ar-filled surrounding makes
MXene NSs degrade gradually. Following the proposed method,
the solution’s time constant has been substantially improved (Fig.
13b). They observed that the degradation begins at the edges and
tiny flakes were less stable, which showed that the degradation is
size-dependent. Recently, an important chemical method for
preventing oxidation of colloidal TisC,T, MXene NSs by antiox-
idant pretreatments like sodium L-ascorbate (Fig. 13c), ascorbic
acid, and tannic acid at optimized concentrations has been
identified by Zhao et al."*® Ti;C,T, when treated with sodium -
ascorbate maintained its as-synthesized chemical nature for
6 months. Conversely, the nature of TisC,T, NSs colloids kept in
water was altered (Fig. 13c inset). After filtration, the purified films
were then vacuum dried at 40 °C for 12 h. The accomplishment of
the method is apparent with the consistent shape, structure, and
stability of TisC,T, colloids. The presented method is more
desirable as the electrical conductivity of sodium L-ascorbate
treated TisC,T, flakes was much improved in contrast with
unreacted ones after 21 days in the existence of water and
oxygen (Fig. 13d). Sodium L-ascorbate shields the nanoflake edges,
inhibiting water molecules from more reactive sites, endorsed by
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molecular dynamic (MD) simulations showing the interaction
between the ascorbate anion and the edge of the nanoflake. The
report validates the comparatively long-term stabilization of
colloidal TisC,T, nanoflakes in aqueous dispersal utilizing sodium
L-ascorbate (NaAsc) as the antioxidant. With these conclusions, the
shelf-stability of MXenes is feasible, and commercially available
MXene related materials could be a reality.

As colloidal solutions of TisC,T, MXene flakes rapidly degrade
under atmospheric conditions due to the conversion of titanium
carbide to titanium dioxide, time-dependent MXene oxidation
decreases its electrical, mechanical, and electrochemical proper-
ties. Therefore, the stability and long shelf life of MXene is the
biggest challenge in the present time to exploit it in industrial and
daily life applications. Natu et al.'*®. noticed that by capping
polyanions such as polyphosphates, polysilicates, or polyborates
with the edges of distinct MXene flakes-TisC,T, and V,CT, (Fig.
14a), their tendency to oxidize in aerated water can be decreased
for weeks. Wu et al.""® prepared oxidative resistive MXenes by
capping with sodium ascorbate (Fig. 14b). The resulted MXene is
highly stable for 80 days and showed areal and volumetric
capacitance of 108.1 mF cn? and 7207Fcm”3 (Fig. 140),
respectively in a printable SA-MXene ink-based interdigital
micro-supercapacitors electrodes made without a current collector
(Fig. 14d). Chae et al."®® investigated the leading factors swaying
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the rate of oxidation of Ti;C,T, MXene flakes and presented a way
to store MXenes by preserving the intrinsic properties of MXenes.
The oxidation stability of aqueous solutions of TisC,T, is vividly
enhanced by ceasing the oxidation process at sufficiently low
storage temperature of —80°C (Fig. 14e). In this way, aqueous
colloids of TisC,T, could be chemically stable for more than
39 weeks even in an O, atmosphere. The current progress to
synthesize stable MXenes along with the preparation strategies
and treatment are summarized in Table 1.

FUTURE PERSPECTIVES AND SUMMARY

This review article underlines the most recent research advances
on 2D MXene materials for clean energy conversion via
electrocatalysis and photo-electrocatalysis namely HER/OER, ORR,
and photocatalysis H, production and for energy storage
applications, that includes LIBs, SIBs, m-SCs, and most importantly
the stability of the MXene solution as well. While comprehensive
studies on these 2D layered materials have been conducted over
the past decades, their practical applications are still hindered by
many challenges. From the product synthesis side, the main
challenge is how to use active exfoliation techniques to produce
2D materials as thin as feasible. Most of MXenes so far have been
developed by selectively etching Al from the MAX phase with the
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aid of HF as the etchant. Because of the high toxicity of HF, other
methods utilizing less toxic etchant, such as a combination of LiF
and HCl, have been pursued to successfully etch A element. It is
worth highlighting that the research on MXene materials is still at
a nascent stage compared with other 2D nanomaterials. Despite
countless challenges, concerted further efforts should be devoted
to exploring fluoride-free and environmentally friendly etchants as
a sought-after alternative for conventional HF. The relative surface
area and reactivity of 2D MXene materials will be enhanced by
decreasing the diameter. This demonstrated that the surface
functional groups have a key influence on the electrochemical
properties of MXene. On the other hand, it is also important to
modify morphology to increase active sites. The tailored porosity
and curved geometry of 2D MXene flakes can produce high
surface area and tuned pore size and volume, which can
potentially increase the energy storage abilities of supercapacitors
and storage batteries. Tuning the porosity of MXenes is remains a
challenge. However, the inclusion of DMSO, TBAOH, etc. into the
interlayer spacing have shown that the layers could be separated
by inserting small molecules. Therefore, using inorganic pillaring
agents to pillar the MXene layers could help to tune the porosity.
For future perspectives, the class of MXene could be expanded to
develop multimetallic M, ;X,T, with different metals (M) and
functions of T and x. Furthermore, it is important but still
challenging to grow large-scale single-layered MXenes sheets,
unlike graphene which needs to be considered as a current
challenge.

A significant feature of 2D material chemistry is covalent
functionalization. Chemically, each sheet of an MXene is made of a
layer of transition metal atoms with carbon atoms that can be
covalently functionalized to bring multiple organic functionalities
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to the surface to improve their performance in various diverging
applications. The development of blended low-dimensional
heterostructures i.e. 0D/2D and 1D/2D as well as 3D nanoarchi-
tecture in addition to the 2D/2D layered heterojunction is a
promising way to build layered MXene with active basal planes for
effective electrocatalytic and photocatalytic reactions. In terms of
material engineering, MXene-based nanocomposites’ interfacial
and geometry designs are critical for achieving high catalytic
efficiency and long-term stability. Despite limited research on
MXene-based nanohybrids in clean energy conversion applica-
tions except for HER catalysis, the true catalytic pathways and
working mechanisms remain mysterious, necessitating further
research in the future. Furthermore, high activity, selectivity, and
stability are needed for the long-term commercialization of
catalysis applications. This can be achieved by combining
experimental measurements and theoretical simulations with
advanced in situ spectroscopic characterizations to shed light on
the evolution of catalyst active sites.

Building up highly pure and atomically sharp 2D heterostruc-
tures will be a prospect owing to the nature of weak van der Waals
interlayer interactions and large diversity in 2D materials. These
heterostructures can play a critical role in advance emerging
energy storage and generation systems due to their diverse
intrinsic properties and multicomponent presence. 2D hetero-
structure can be vertical as well as lateral, however the lateral is
much easier for planar integration and exhibit exceptional
properties. 2D/2D; 1T-MoS,/TisC, Mxene can be designed by
in situ growth through the solution method. Similarly, a selection
of metals-based MOFs/MXene heterostructure can be grown
in situ single-step hydrothermal synthetic method, respectively.
Typically, MXene (or their hybrid composite) can be used as elastic
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Table 1. Recent progress in stable MXenes synthesis.

MXene Precursor Etchant Treatment to improve stability Stability Time (Days) Year Refs.

TisCoT, Ti;AIC,  LiF-HCl Edge capping with polyanionic salts (polyphosphates) 30 in an open 2019 157

container

SA-TisCoT, TisAIC,  LiF-HCl Capping with Sodium ascorbate 80 2020 7

TisCoTy TisAIC,  LiF-HCl - 80°C freeze storage 273 2019 18

V,CT, V,AIC HF Edge capping with polyanionic salts (polyphosphates) 30 2019 157

TisCoT, TisAIC,  LiF-HCl - 20°C freeze storage 650 2020 159

r-TisC,T,  TisAlC,  HF L-ascorbic acid 28 2020 160

TisC, Al-TizAlIC, HF-HCI modified synthesis of TisAlC, to produce a more 300 2020 (Yury Gogotsi)
stoichiometric MAX phase Al-TizAIC, 10.26434/chemrxiv.12805280

electrodes by using filtration assembly techniques. MXenes can
also be used as free-standing electrodes in combination with 1D
or 2D substrates. Efforts can be made to enhance specific capacity,
energy density, power density, duration, cost, and safety of energy
storage and conversion devices. To address these difficulties,
different methods and techniques for the processing of 2D MXene
materials with exceptional chemical stability and endurance
should be developed to improve the efficiency of the resulting
products. Therefore, solving the above-cited questions will
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facilitate the exploration of 2D MXene nanomaterials in energy
storage and energy conversion devices.

MXenes find their application from energy conversion to energy
storage and have proven to be cost-effective due to the ease of
their preparation. The applications like SIBs, LIBs, water splitting,
and electric charge storage devices need high-performance
catalysts that could survive the poisoning and crossover effect
and at the same time be affordable. MXenes have proved to be
one such family of materials despite having challenges of
instability in aqueous media, orientation, and controlled
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fabrication. Given the wide range of alternatives and exceptional
electrochemical properties in the family when compared to
present materials like metal oxides, it opens a cost-effective
fundamental research to satiate our growing energy sector and a
race towards affordable and efficient systems. To make MXenes
oxidation resistive, besides edge capping of MXenes single flakes
with polyanionic salts, Sodium ascorbate, or L-ascorbic acid, the
ice-freezing of MXene solution is the only practicable and effective
way to long-term storage of MXene suspension. But the drawback
is that needs an unperturbed freezing environment typically at
—20°C. However, it is challenging to develop MXene-based 2D
layered materials and to prevent them from oxidation to increase
their shelf life in the suspension phase at ambient conditions. As
of now most of the MXene-based research has centered on the
first revealed MXene, TisC,T,. Taking into account exceptional
combinations of MXenes characteristics, numerous stoichiometric
varieties of MXene offer a way to modify the bandgap and
conductivity of required MXenes, by changing the ratios of M or X
elements, thus escalating MXene applications. As a future
perspective, comprehensive theoretical and experimental strate-
gies are needed to make better use of MXenes merits, through
which it is expected to pacify the captivating MXenes to play a
winning role in clean energy conversion, flexible electronics, and
the energy storage sector.
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