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ARTICLE INFO ABSTRACT

Keywords: An advanced energy harvesting device that can be powerful with rapid storage mechanism, effective con-
MXenes servation, intact and secure recycling presently fascinate and are increasingly developed with the proper
Surface terminations synthesis strategy and combination of nanomaterials with complementary properties. In 2011 extensive research

Selective etching

has led to the wide emanating family of two-dimensional (2D) multi-layered transition metal carbides, carbo-
Energy storage

nitrides and nitrides in conjunction with surface terminations namely fluorine, hydroxyl or oxygen which add
hydrophilicity to their surfaces, these are collectively known as MXenes, they are derived from a selective
etching of atomically thin sheets of ‘A’ element from MAX phases in the acidic solutions which contain aqueous
fluoride. The gifted chemistry and unique morphology of MXenes allow us to use them for distinct applications
which includes energy storage, electromagnetic interference shielding, anti-bacterial activity, nanofiltration of
water, reinforcements, nuclear waste management, and catalysis. The excellent properties inclusive of high
lithium (Li) storage capacity, rapid diffusion of Li, and low operating voltage make the MXenes a promising
electrode, the macroporous TizC,Ty sheets display gravimetric nearly 210 Fg~! at scan rates of 10 Vs~ * which
exceeds finest carbon supercapacitor and MXene hydrogels can have volumetric capacitances nearly
1500 F-cm ™ 2. In this context, this review provides state of the art for the synthesis of MXenes, it’s structure,
intercalation, delamination, properties and thorough understanding between nanostructure and electrochemical
performance which will encourage further study of 2D MXenes in energy harvesting applications.
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1. Introduction

In the era of the 21st century, humans depend on wearable/portable
electronic devices, and it is tough to picture a world without them as
they have brought significant convenience and has dramatically altered
lifestyles [1,2]. Considering ever increasing energy consumption re-
quirements for these smart electronics and the exhaust of fossil fuels
[3], viable energy alternatives inclusive of both large-dynamic energy
storage and clean energy resources are crucially required [4]. Over
recent years to ease the environmental hazard and energy storages,
researcher’s have been exploring renewable energy sources such as
geothermal, hydroelectricity, tidal, and wind energy [4]. Simulta-
neously, energy from these renewable sources needs to be efficiently
stored in electrochemical energy storage devices [4,5]. Lithium-ion
batteries (LiB’s) play a primary role in the current world, mainly in
hybrid electric automobiles and portable wearable electronic gadgets
[6]. The most constructive technologies of electrochemical energy
storage are rechargeable lithium batteries and supercapacitors [7]. As
leading energy conservation technologies, batteries and supercapacitor
are a contrast to each other with respect of energy and power densities
due to the dissimilar storage mechanism [4]. In short, batteries deliver
elevated energy densities, but they endure from poor power densities
that restrict their function in a field that requires more power [4]. At
the same time, supercapacitors deliver excellent power densities, ex-
ceptional cycling stability, but suffer from low energy densities [4].
Researchers all over the world are exploring novel materials that can
withstand exceptional energy and power density, that are also durable
for a more extended period [8]. Presently most of the research activities
have been devoted to 2D materials owing to their outstanding elec-
trical, mechanical, optical properties, high aspect ratio, and they also
feature an atomic level of thickness, these qualities make them re-
markable in numerous applications. Many 2D materials can function as
essential building blocks for a variety of layered structures, membrane,
and composites [4]. Despite numerous single element 2D materials are
synthesized, e.g., graphene, silicene, germanene, and phosphorene but
the majority contains two or more elements, e.g., transition metal di-
chalcogenides (TMDs), layered double hydroxides [9]. Graphene has
shown excellent research significance and has vast potential in energy
storage and conversion applications [3,10].

In 2011, Gogotsi’s group for the first time reported a new emerging
constellation of graphene-like [11] 2D materials, early transition metal
carbides, carbonitrides and nitrides which exhibited combination of
metallic conductive nature and hydrophilic surfaces [12], and this fa-
mily of 2D materials was termed as MXenes [6,13,14]. Their general
formula is denoted by M,, +1X,Tx (n = 1-3) where M depicts transition
metals (such as Sc, Ti, Zr, V, Nb, Hf, Ta, Mo and so on) [11], X stands for
carbon and/or nitrogen, T, is for surface terminations (such as hy-
droxyl, oxygen or fluorine) and x stands for number of surface termi-
nations [9]. Some of the examples are TizC,Ty and Ta4sCs [15], the
n + 1 M layers of MXenes screen n X layers in (MX),M pattern, the
different structures of MXenes are shown in (Fig. 1) [9]. Ti3C,T, was
the first MXenes synthesized, MXenes are typically synthesized by se-
lective etching using hydrofluoric acid (HF) as etchant to remove the A
layers from their corresponding MAX precursors, MAXs belong to fa-
mily of layered ternary carbides or nitrides with general formula de-
noted by M, ; 1AX,, (n = 1-3) where M denotes early transitions metals
as listed above, A is mainly group 13-16 elements and X is carbon and/
or nitrogen, e.g., Ti3AlC, [9]. Till date, over 60 different pure MAX
precursors have been synthesized by researchers [16]. All the known
MAX phases consist of a hexagonal layer with P63/mmc symmetry [17],
where M layers are almost closed packed, the X atoms fill the octahedral
sites, and the A atoms are in turn attached with M, X, layers [16]. In
general, these laminated structures have an anisotropic property for the
M-X bond, which possess strong mixed covalent or ionic or metallic
behaviour, whereas M—A bond is purely metallic in nature [18]. The
MAX bonds are too tough to be broken by application of shear or other
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mechanical means unlike other layered materials for example graphene
and transition metal dichalcogenides where weak van der Waals forces
hold the framework together [16]. The A atomic layers are chemically
more functionalized, so the relative bond strength of interlayer M—A
bonds and interatomic A-A bonds are weaker compared to M—X bonds,
by taking advantage of difference in bond strength, chemical agents can
be added to selectively etch out A layers without interrupting M—X
bonds [4,16]. MXenes may contain one or more M element, and exists
in two categories namely solid solution and ordered phases from the
results of density functional theory (DFT) it is shown that the latter is
energetically more stable than former one [9].

MXenes have a larger surface area, low diffusion barriers and su-
perior electrical conductivity [19,20]; therefore, its application to
electrode materials in LiB’s and supercapacitors holds great promise
[5]. The electrical conductivity of cold pressed, freestanding MXenes
disks are almost comparable to multilayer graphene [6]. The carbon-
based electrodes have shown volumetric capacitances up to 300 F per
cubic centimetres, and hydrated ruthenium oxide has reached the ca-
pacitances up to 1000-1500 F per cubic centimetres [21]. MXenes
(TizC,) has shown up to 300 F per cubic centimetres, additive free
MXenes has high volumetric capacities of up to 1500 F per cubic cen-
timetres [21,22]. The intercalation of lithium between the layers of
graphite results in dilation up to 10% and suffer from severe structure
collapse during high cycling rate [23], whereas sandwiched structure
like Ti3CoTy has achieved outstanding cycling stability [24]. Ti,AlC is
most commercially and cheapest available MAX phase for the synthesis
of MXenes [6]. Taking into account of all these factors functionalization
of MXenes beyond graphene has been promising materials for electrode
materials in LiB.

The synthesis of the very first MXene and extensive research has
opened the door of large family of 2D materials for various practical
application, although many challenging applications are yet to be fo-
cused and examined for future objectives [4]. In the present days, the
following section has to be a central purpose to understand the complex
nature of MXenes. Synthesis of unprecedented parent phases aside from
MAX phases, alternative etching solutions rather than generally used
HF, producing large scale high quality MXenes to study their atomic
properties, examining the structure of MXene in much modern ap-
proach rather than DFT or molecular dynamics (MD) [9,16,25]. Con-
trolling, tuning and achieving same kind of surface terminations in
more facile way, understanding the intercalation of cations due to
various surface termination and diffusion mechanism, study of het-
eroatomic doping to enhance the electrochemical performance, de-
termining the change in magnetic, electric, optical and mechanical
properties with respect to surface groups and additives, exploring var-
ious pragmatic application such as biosensors, arresting heavy metals
and reinforcements, broadening the family by synthesis of new MXenes
with modern approach and technology [15,16,18].

In this review, we select Ti3C, as representative of MXenes and
present its contemporary amelioration in energy harvesting applica-
tions and simultaneously, explore miscellaneous novel MXenes syn-
thesized by modern methods which makes this review surplus cap-
ability, commensurate to other solitary literature. Beginning with the
mere synthesis of Ti3C,Ty via HF etching, followed by recent ad-
vancements to fabricate superior quality of unseasoned MXenes. The
configurational structure, properties of bare MXene are discussed, and
further reported on contingent of surface groups on the electrical and
magnetic behaviour. Next the surface groups are concentrated, since
conceptual and experimental results show that by eliminating surface
terminations, lithium storage can be increased, but these surface groups
are propitious in avoiding the restacking of 2D layered MXenes, which
further facilitate in accelerated ion transfer. Besides lithium-ion and
non-lithium-ion batteries and supercapacitors, devising of hybrid
MXenes electrodes has been portrayed by exploiting carbon nanotubes
(CNT) and cetyltrimethylammonium bromide (CTAB) which serves as a
bridge gap between Ti3C, interlayers and prevents restacking. These
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Fig. 1. Crystal structure of various layered MXenes with surface terminations as a hydroxyl group (—OH).

hybrid Ti;C, electrodes provides enormous surface area and active sites
for catalysis, thereby manifest sterling electrochemical performance
compared to classical graphene electrodes. Finally, this review en-
courages the progression of Ti3C,Ty cluster, fabrication of new-fangled
MXene and augmentation of MXenes family for impressive electrode
material for the future generation supercapacitor and batteries.

2. Modernistic techniques for synthesis of MXenes.

High-quality 2D MXenes are basically fabricated by selective
etching of thin metal layers of A elements from their parent MAXs
phases in the presence of chemical etchants like concentrated hydro-
fluoric acid (HF), ammonium hydrogen difluoride (NH4HF,) and am-
monium fluoride, once the A layers are removed and they are sub-
stituted by surface groups (hydroxyl, fluorine and oxygen) so the
correct representation of MXene is M, . 1X,Tx where T designates to
surface terminations (Fig. 2a) [21,26]. Production of MXenes are ca-
tegorized in two ways, top-down and bottom-up synthesis, the former
approach is based on the etching of specific metallic layers using HF
solution, while the latter process is considerable for producing ultrathin
2D MXenes by chemical vapor deposition with fewer faults and large
lateral surface [4,27]. Naguib et al. described the synthesis of MXenes
by dissolving MAX powder in an aqueous solution of HF of specific
concentration followed by stirring, centrifugation, filtration and
washing the precipitate with deionized water until pH value reaches
between 4 and 6. As a result, accordion-like structures (Fig. 2b) are
produced from solid MAX phase [28]. Among 10 different A elements,
only aluminium (Al) has been successfully etched [28]. Chen et al.
showed that the partial etching of Ti3C,Ty resulted in higher capaci-
tance (160 mAh/g) compared to fully etched (110 mAh/g) and 99% of
capacity retention was observed after 1000 cycles [29]. Reactions steps
that occur during etching of TisAlC, with HF is given below [30,31].

T13A1C2 + 3HF d A1F3 + 3/2H2 + Ti3C2 (1)
T13A1C2 + 2H2 00— T13C2(OH)2 + Hz (2)
T13A1C2 + 2HF —» Ti3C2F2 + H2 (3)

Various HF etching conditions for the synthesis of different MXenes
and corresponding MAX phase with c lattice parameters are summar-
ized in Table 1 [16]. Studies have shown that for many MXenes, there

are no precursor ternary carbide MAX produced and synthesis of new
layered MAX phases has to be researched [9]. For the first time Zhou
et al. reported the synthesis of Zr3C,Ty from the non-MAX phase,
Zr3Al;Cs which was prepared by pulse electronic sintering of zirconium
(Zr), Al, and graphite powders. Nearly 1 g of Zr3Al;Cs powder was
added 10 ml of 50% HF at room temperature, after 72 h the left-out
suspension was cleaned using deionized water and alcohol, later it was
kept for drying for 48 h at room temperature to produce Zr3C, [32]. In
the recent studies it has been predicted that etching of Al-carbon units
is more convenient than etching of Al layers from Zr;Al;Cs [9], there
are also reports on the etching of two A layers of Gallium from Mo,Ga,C
to produce Mo,CTy [33] and etching of Al;C; from U,Al;C4 to form
U,CTy [34]. Even though HF is widely used as etching agent, it is dif-
ficult to handle toxic HF in practical applications [4]. Xiong et al. in-
troduced the modern approach of use of much milder and safer etchants
by performing reaction between hydrochloric acid (HCl) and molten
fluoride salts (LiF) which resulted in the removal of aluminium layers
from Ti3AlC, the synthesized material gets hydrated, swells and forms
clay like shape (Fig. 2c), large Ti3CoTy flakes with fewer defects pro-
duced from in situ process has yield of almost 100% and the c lattice
parameter was nearly 40 A whereas TizC,T, flakes synthesized from HF
has lattice parameter of 20 A [4,21]. When high electrical conductivity
and laterally large flakes are desired, LiF-HCI etchant is preferred, these
deuterogenic process selectively etch A element simultaneously cations
(Li*, Na*, K*, ca*, Al", and NH,") are intercalated between the
layers of Ti3CoT, with exceptional features such as altered surface
chemistry and enlarged interlayer spacing [4,5]. TizC,Tx can also be
obtained from their corresponding MAX phases by using FeF;/HCl
mixture, which reduces fluorine content and avoids the formation of
secondary phase (TiOF5) [35]. Although wet etching has been widely
used for the synthesis of MXenes, the research on physical properties of
MXenes have been hindered due to small layered flakes and low-quality
crystals [27]. Gogotsi. discussed that the high-quality perfect crystals of
molybdenum carbide (a-Mo,C structure) are developed on bilayer
substrate of copper foil upon molybdenum foil by chemical vapor de-
position of methane (Fig. 2d) [9,27]. The crystals grown will have
hexagonal, triangular shape and size exceeding 100 um, these results
make the facile study of intrinsic properties compared to solution
formed flakes which have a lateral size less than 10 pm and the key for
achieving ultrathin a-Mo,C crystals is by maintaining a temperature
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Fig. 2. (a) Side view of 2D MXenes synthesized from MAX phases. (b) Scanning electron microscopic image of HF etched TizAlC, [16]. (¢) In situ formation of HF
produces swollen MXenes which resembles clay like shape. (d) Hexagonal or triangular shape ultrathin a-Mo2C formed by chemical vapor deposition in the presence

of methane.

above 1085 °C, and low concentration of methane, also accelerated
cooling after vapor deposition is crucial to obtain clean Mo,C crystals
[36]. The elimination of A elements from MAX phases can be prepared
by heating the molten fluoride salts at high temperature in the gaseous
atmosphere [37], Ng et al. reported that the synthesis of MXenes from
their parent M, +1AX, phases can be possible by etching at high ele-
vated temperature, but a fractional loss of layers and structural trans-
formation are unavoidable. If the synthesis is carried out at high-tem-
perature chlorination, then etching of both M and A elements occurs
and leads to the formation of carbide-derived carbons [18]. Recently,
Fang et al. mentioned that Ti4N3 was synthesized in argon atmosphere
at 550 °C by treating Ti4AlN; with mixture of molten post fluoride salts
which resulted in the formation of cubic phases of ordered non-stoi-
chiometry carbides stable that were stable up to approximately 800 °C.
Hence it is prudent that, preparation of MXenes at elevated temperature
must be monitored precisely and ensure proper control over the tem-
perature so that cubic structure is not formed [38]. However, it is ob-
served that M components are only limited to Ti, V, Cr, Nb, Ta, Zr and
Mo [18]. For example, TiCy was developed by heating (900 °C) Ti,AlC
with molten LiF that resulted in rock salt structure but not 2D carbides

Table 1

because of the treatment conditions [9]. If a MAX precursors are
completely converted to MXenes(especially thinner M,X sheets), then
there will be enlargement in c lattice parameter, due to which the X-ray
diffraction (XRD) pattern of (000 I) peaks will not only broaden but also
drift to lower angles (Fig. 3b) [5,16]. Comparing all the synthesis
process, the HCI and LiF solution has been observed as an efficient way
to produce new MXenes [39]. To date, many MXenes are theoretically
predicted, and the following MXenes are synthesized Ti3CyTy, TioCTy,
NbyCTx, VoCTy, (Tio.sNbgs5)2CTyx, (Vo.5Cro.5)3C2Ty, TisCNT,, TasCsTs,
and Nb,CsTy [28].

These various methods and their results are useful in determining
the necessary conditions to synthesize the desired MXene such as choice
of parent MXene, etching concentration, type of etching solution, and
altered surface groups. Different applications need a different route of
synthesis, and for example, energy storage requires HF as etching agent
whereas electronic applications need HCI/LiF as etching agent. More
research has to be concentrated on the preparation of additive free
nanosheet MXene with an environment-friendly and cost-effective
method.

Synthesis conditions and c lattice parameter of various MXenes from their MAX counterparts.

MAX structures MAX phases MXenes Etching conditions at room temperature HF Conc.% Time(hours) ¢ Lattice parameterMAX MXenes
211 Ti,AIC Ti,CT 10 10 13.6 15.04
V,AIC V,oCTy 50 8 13.13 23.96
920 13.88 19.73
312 Nb,AIC Nb,CTy 50 90 13.79 22.34
(Tio.5,Nbg.5)2AIC (Ti.5,Nbo.5)2CTx 50 28 18.42 14.88
TizAlC, TizCoTx 50 2 18.62 20.51
40 20 17.73 20.89
413 (Vo.5,Cro.5)3A1C, (Vo.5,Cro.5)3C2Tx 50 69 18.41 24.26
TizAICN TizCNTy 30 18 24.08 22.28
TasAlCs TasCsTy 50 72 30.34 30.34
Nb,AIC; Nb,C3Ty 50 90 30.47 30.47
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Fig. 3. (a) SEM image of Ti3C,Tx paper prepared by filtering the additives from delaminated MXenes, the upper inset image is an optical image of Ti3C,Tx paper bent
between the finger without breaking, the lower inset is optical image of colloidal solution [28], (b) Measured XRD patterns of TizAlC, and Ti3C,, before and after HF
etching [18]. (¢) Thin spray-coated Ti3C,Ty film on a substrate shows high transparency, the inset image shows bending of TizC,Ty films [9]. (d) Single layered

Ti3C,Tx and (e) Double layered TizCoTy [18].

3. Intercalation and delamination

In many 2D materials, intercalation is familiar phenomenon for
which the strength of bonds between the layers is poor, this can be
witnessed in materials such as clay and graphite [13,16]. The same
applies for MXenes, which have weak bonds between the interlayers
that facilitates in intercalation of several kinds of organic, inorganic,
polymeric and ionic species (Fig. 8a, b, c1, c2) [16,40]. Intercalation of
cations has gained a lot of attention owing to their unparalleled che-
mical and physical properties [13], as Xiong et al. reported that sliding
of Ti3C,Ty sheets was relatively easier when it was intercalated with
cations such as Li* and it also modified the rheological properties [4].
Besides, Wang et al. demonstrated that Al ion intercalation led to hor-
izontal sliding of TizC,X monolayer, appertaining to these results the
structure of Ti3C,X monolayer was redefined [40]. Halim et al. ex-
plained that “gluing” of MXenes layers was observed because of strong
interactions between layers when ammonia was intercalated between
them using NH4HF, and also mentioned that the resistivity of MXenes
was increased when organic compound was introduced [41]. As inter-
calation chemistry is the key feature for energy storage, Li* ion charge
storage mechanism in Ti3C,Tx was analysed using in situ X-ray ab-
sorption spectroscopy (XAS), which revealed that during charging and
discharging there was constant variation in oxidation state of transition
metal up to 0.5 V versus Li/Li*. Intriguingly, when potential was fur-
ther reduced, there was no change in oxidation state. Instead lithium
formed additional layer which bolstered the capacity by twofold and
this mechanism was noticed in other MXenes [9]. Li et al. described that
gravimetric capacitance of Ti3C,T can be enhanced by intercalating
potassium ion (K*) ion and surface terminals were modified, the re-
sulting gravimetric capacity reached 517 F/g at a discharge rate of 1 A/
g which was three times greater than pristine MXene [42]. Using MD
derived XRD patterns, several NoH, molecules that intercalated be-
tween the layers of Ti3C>(OH), were compared and it displayed that
molecules were arranged in the direction parallel to MXene basal plane

and developed a monolayer [16]. Usually increase in the c lattice
parameter is a consequence of intercalation, for example change in
lattice parameter for Ti3C,X ranges from 0.7 A for sodium sulphate and
15.4 A for dimethlysulfoxide [16]. On intercalation of water, the c
lattice parameter was significantly increased, which was due to hy-
dration of these MXenes [43]. As Fredrickson et al. explained that Ti>C
and Mo,C had one layer of oxygen under zero potential, irrespective of
potential applied as bare MXenes were unstable and on application of
voltage of ca. of —0.6 V, an adsorbate-mediated metal-insulator tran-
sition was revealed for Ti,C, which established metallic Ti,CH, system
from insulating Ti,CO, [43]. TizC,X delivered remarkable super capa-
citance when organic electrolyte was intercalated instead of commonly
preferred solvents, this significant performance owes to stable wider
electrochemical window of organic electrolyte and multi-valent cations
[4]. As there was improved electrochemical performance due to inter-
calation of cation, further attempts were made to incorporate larger
ions between the interlayers, as Chaudhari et al. mentioned that, it was
practicable to intercalate large polyatomic cations like alkylammonium
(AA) [44]. Using first principle simulation, Yu et al. investigated that,
intercalation of Magnesium ion (Mg™) in Ti,C building block to form
stable Ti,MgC layered compound was favourable, the outstanding
theoretical capacity, weak average cell potential and reasonable diffu-
sion barrier of Mg* indicate that Ti;MgC can be promising anode
material [45]. The reduction in the first cycle irreversibility was only
observed in Li* and Na* cation intercalation, good insight on multi-
valent and large ion incorporation would orient on progressive research
and development of electrode materials [46].

To explore the properties that exist at the atomic level, delamination
of Ti3C,Tx is a necessary step [4,9,24] and higher rate capability is
achieved by complete delamination of MXenes [47]. The simple dela-
mination process is carried out by mechanical tape exfoliation where
MXenes of thickness 10 um are reduced to nanometres (Fig. 3d, e) [31]
but the yield from this process was low [9]. Malaki et al. produced high-
quality 2D sheets by ultrasonication as a principle tool for delaminating
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Fig. 4. (a) the top view of Ti3C2 layer, rhombus lattice (highlighted by dotted
lines) with coordination number 6. (b) top view of configuration I. and (c) top
view of configuration II, (red circles represent surface terminations). (For in-
terpretation of the references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)

and exfoliation [48]. High yield of delaminated MXenes was obtained
by intercalation [16] of polar organic molecules [9] such as urea, for-
mamide, and its derivative, dimethyl sulphoxide (C,HgOS), and long
chain alkylamines [13]. Naguib et al. showed that multi-layers of
MXenes when treated with tetrabutylammonium hydroxide (TBAOH)
and then followed by sonication or agitation resulted in delamination,
this approach was universal for several MXenes and has the potential
for larger yield [17]. When HCI and LiF solution is used for etching, no
external etchant is required since metal cations get intercalate, Further
delamination takes by increasing the pH to neutral and then followed
by mild hand vibration, resulted in stable suspension [9]. The delami-
nated TizC,Ty after treating with HF formed transparent sheets of
monolayers [4] as shown in (Fig. 3a, b).

4. Structure and properties

Modelling and fundamental understanding of properties, structure
and surface interaction is a prerequisite in manipulating MXenes for
diverse applications [16,18] the structure of first MXenes was predicted
by density functional theory (DFT) [49]. A single layer of MXene has
six-fold symmetry, hexagonal lattice and has coordination number of 6
(Fig. 4a), in the top view it has rhombus lattice (shown by dotted lines)
(Fig. 4a) and in the side view, a single X layer is sandwiched between
two M layers (Fig. 2a) [50]. The ordering of M in M,X is ABABAB type
(hexagonal closed pack), whereas the order of M in M3X, and M,4C3 are
ABCABC type (face-centered cube), atomic ordering becomes a sig-
nificant factor for the synthesis of transition metals such as mo-
lybdenum and chromium because it defines the stability of MXene with
hexagonal closed packing [9]. For example, Mo,CTy is stable, but
Mo3C,Tx and Mo4C3Ty are unstable because they follow ABCABC or-
dering and are stabilized by introducing Titanium in between the layers
to form Mo,TiCoTyx and Mo,TisC3Tx to form double-layered transition
metal carbides [9,46]. Along with bare M,, , 1X,, layers, the properties of
MXenes which are incorporated with surface terminations are predicted
in recent studies [51]. Using transition electron microscope. Wang et al.
reported that the surface groups are randomly distributed over the
MXenes rather than a domain of specific kind of a group, the —F and
—OH are directly bonded to superficies of MXene flakes [52]. On the
basis of neutron scattering measurements, hydrogen bonding interac-
tion occurs between —OH of one layer of Tj3C,Ty and —O, —F of another
layer and van Der Waals force of attraction exists between the layers,
the magnitude of hydrogen bond not merely depends on the orientation
of —OH, but also relative scattering of hydroxyl groups on one surface
to oxygen and fluorine groups on the other surface [52]. The surface
terminations ratio depends on the etching concentrations, for example,
10% HF and HCI-LiF will have more oxygen and minimum
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concentration of fluorine compared to 50% HF [4,9,53]. From DFT
studies [54] the orientation of surface terminations (Ty) are en-
ergetically favourable in two configurations, in configuration I (Fig. 4b)
the Ty groups are situated on top of hollow space surrounded by three
carbon atoms, in configuration II (Fig. 4c) the T, groups are precisely on
top of carbon atoms [16]. There is also mixed configuration III in which
configuration I and configuration II lie on the opposite sides of MXene
sheets, the relative structural stabilities of various TisC,F, and
Ti3C(OH), configurations are as follows I > III > II, low stability
was observed in configuration III because of steric hindrance between
Ty groups and carbon atoms therefore fluorine (-F) and hydroxyl (—OH)
functionalized MXenes tends to achieve configuration I [16]. The study
of TizC,Ty under X-ray photoelectron spectroscopy (XPS) divulges that
it readily oxidises when exposed to air [9] as, Xie et al. discussed that
oxygen (=0) and hydroxyl (—OH) terminated MXenes are more stable
than fluorine (—F) terminated because, =0 and —OH replace fluorine
when stored and/or washed in H,O atmosphere, further hydroxyl group
are converted to oxygen when heated at high temperatures and/or
during metal adsorption process [55]. Halim et al. discussed that the
tuning of surface terminations can be achieved post-synthesis to meet
the requirements of different applications [56].

Bare MXenes such as Ti, , ;C, have metallic character, concerning X
atoms titanium nitrides evince better metallic character than titanium
carbides since nitrogen possess one extra electron than carbon [15].
Notwithstanding, as the number of n increases, the metallic behaviour
decreases simply because of additional Ti-X bonds [15]. The analysis of
DFT and MD anticipate that among 2D MXenes, M,C are more stronger
and stiffer compared to MsX, and MyXs3 counterparts (Fig. 5a)
[9,57,58]. MXenes whose surface terminations are functionalized by
oxygen exhibit high mechanical strength and small lattice parameter
compared to fluorine and hydroxyl groups, W,CO, displays highest
mechanical strength along with c11 which is equivalent to 592.7 GPa
[59]. Recently Lipatov et al. performed nanoindentation using atomic
force microscope for a monolayer of TizC,Ty and reported highest
Young’s modulus value of 0.33 + 0.03 TPa, which is highest compared
to all solution prepared 2D materials [60]. A large number of MXene-
polymer composites are prepared, for example, ultrahigh molecular
weight polyethylene and Ti3C, are blended, which enhanced tensile,
breaking strength and also creep performances [61,62]. Thin MXene
films (< 20 nm) intercalated epitaxially etched using NH,HF, solution
transmit 90% of the light from visible to the infrared region [41]. Re-
cently Hantanasirisakul et al. proposed a elementary method to syn-
thesize homogenous transparent TizC,Ty films by spray coating dela-
minated colloidal TisC,T, solution over various substrates,
ultraviolet-visible (UV-vis) spectrophotometry results for 5 nm thick
films revealed transmittance of 91.2% and comparatively thicker film
of 70 nm revealed 43.8% transmittance (Fig. 5c¢) [63]. There was a
trade-off between conductivity, transmittance for thickness of films,
instinctively a trade-off between transparency and conductivity de-
pends on the thickness of MXene films [63]. Ali et al. fabricated
transparent and thin Ti3C,Ty films by electrohydrodynamic atomization
process in vacuum free surrounding under the influence of the electric
field at optimum temperature on a glass substrate, a thin 135 nm film
exhibited low resistivity of 3.4 x 10~* Q—cm, ~86.7% transmittance
with superior diode behaviour of 120 mA at 3 V was recorded [64].
From the results of hybrid DFT calculations, Si et al. detailed that the
ferromagnetism in Cr,C due to d shell electron which are completely
spin-polarized near to Fermi surface area, upon addition of surface
terminations CryC undergoes metal-insulator transition along with fer-
romagnetic to antimagnetic transition [65]. Kumar et al. predicted the
magnetic properties of MXenes by developing crystal field theory-based
model, the results showed that Mn,NTy behaved as highly ferromag-
netic material at ground state, although magnetic nature vanishes in the
presence of surface groups [66].

The examination of various MXenes have shown that the electronic
properties vary from metallic to semiconductor, based on M, X and
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Fig. 6. The band gap of various MXenes, when the Fermi level is zero [51].

surface groups, the monolayers of MXenes exhibit metallic character
with high electron density near Fermi level [67,68]. From band

Table 2

structure calculations, Khazei et al. obtained the energy gaps for
Sc,To(T = F, OH, and O) as 1.03, 0.45 and 1.8 eV and for Ti,CO,,
Zr>CO,, Hf>CO the energy gap was 0.24, 0.88, and 1.0 eV (Fig. 6a), the
metallic to semiconducting behavior of Ti, Zr and Hf MXenes system
near Fermi energy are similar because they belong the same group in
periodic table, in addition, the effect on electronic character due to
—OH and —F groups are the same since both surface termination can
accept one electron from the surface [51]. Kim et al. obtained the va-
lues of work function for TizC,Tx system (Table2), the significant var-
iation in work function is mostly attributed to different surface groups,
and measurement technique and highest electrical conductivity was
observed as 10* Sem™! for TizC,Ty MXenes [69]. The electronic be-
havior of MXenes also depends on their thickness ‘n’ [70], Xie and Kent.
demonstrated that Ti,CO, exhibit semiconducting behavior due to or-
bital hybridization of Ti 3d and O 2p close to Fermi level, for thicker
MXenes (n > 5) the density of state vicinity to Fermi level was 3.5-8
times higher than thinner MXenes [67]. The research on surface var-
iation of the MXenes, use of other components along with MXenes to
prepare composites remain at most interest [18].

5. Applications
5.1. Lithium-ion batteries (LiBs)

Portable consumer electronic devices as a ubiquitous front runner
and are integrated with rechargeable battery units are still limited to
their application, MXenes have shown excellent electrical conductivity,
low diffusion barriers (0.05 and 2.5 V versus Li* /Li) [71], low oper-
ating voltages with high performance and large intercalation has made
promising anode electrode material for LiBs [18,72]. The diffusion of
cation between MXene layers takes at a higher rate as Levi et al. de-
scribed that the presence of water between the swollen sheets of
MXenes facilitated the rapid interaction of cations [73]. The larger
specific area provides vast space for cation intercalation, Ren et al. re-
ported that porous-Ti3C,T,/CNT composites electrodes has shown the
great capacity of 1250 mAh/g at 0.1C, which was relatively higher than

The work function of Ti;C,Tx MXenes system obtained by various methods.

Methods for calculating work function

Obtained work function (eV)

Ultraviolet photoelectron spectroscopy (UPS) under vacuum
Photoelectron spectroscopy in the air (PESA)

4.37
4.60

Kelvin Prove atomic force microscope (KPFM) under specific atmosphere 5.28
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surface Ti3C05Lis [55].

non-porous TizCyTy/CNT [26] Theoretical gravimetric capacitance and
formation of stable interaction can be determined for simple lithium
interaction reaction from the following mathematical equations, the
current rate is assumed to be 1C [47].

M;CT; + 2Li -» M,CT,Li, 4
nF

Q=—
my (©)]

_ —[EMLCT L) — EMCT,) — 2u(Li)]
- 2 (6)

where n stands for number of e” passed per formula unit (in case of
Li*, K* and Na™ the n value is 2, for Mg?™" it is 4), F is Faraday
constant, M; is total mass of formula unit, E(M,CT,) stands for total
energy of MXene before intercalation, E(M,CT,Li,) refers to energy of
MXene after two cations are intercalated per formula unit and p(Li)
stands for chemical potential of intercalated cations [47]. If the value of
Eq. (3) is positive then it suggests that the intercalation processes is
favourable [47].

Zhang et al. produced high ordered transparent, large flakes of
Ti3C, Ty by spin casting followed by 200° annealing which resulted in an
efficient material for charge storage with areal (0.48 mF cm~3) and
volumetric capacities (676 Fem™3), the asymmetric devices demon-
strated gradual increase in capacities for over 20 000 cycles with 100%
columbic efficiency [74]. Although moderate gravimetric capacity was
observed, Kim et al. described that additive free cold pressed (1 GPa
pressure) Ti;C, films produced ~300 mm thick free-standing disc, upon
using them as anode electrode in lithium batteries exhibited initial re-
versible capacity of ~15 mAh/cm® and then it decreased up to
~5.9 mAh/ecm? at C/3 after 50 cycles exceeding the performance of
carbon-based electrodes [75]. Fu et al. flexible free-standing paper
electrode of Ti3C,Ty, which exhibited ultrahigh volumetric capacitance
of 892 F/cm® with high cyclic efficiency up to 10,000 cycles, these
results were comparable to Ti3C,T, clay [76]. From the analysis of DFT,
Zhang et al. described that by lowering the diffusion energy, increasing
the lithium adsorption energy and after prudent tailoring of surface
terminations, the Ti3C,Ty films have shown satisfying reversible capa-
citance of 200 mAh/g at current density of 0.1 C for lithium-ion bat-
teries [19]. To increase the electrical conductivity by impending ag-
gregation and improving electron mobility, Zou et al. directly reduced
AgNO; and fabricated Ti3C,/Ag composite electrode in the MXene at-
mosphere, this new electrode exhibited excellent reversible capacity of
310 mAh/g at 1C after 800 cycles, 260 mAh/g at 10 C after 1000 cycles
and 150 mAh/g at 50 C after 5000cycles, the long life cycle is observed

|4

due to decrease in interference resistance and formation of Ti (II) and Ti
(I [771.

It was observed that the existence of surface terminations on the
bare MXenes has drastically reduced its capacities [9]. From DFT ana-
lysis, Tang et al. reported that the bare monolayers of TizC, (320 mAh/
) has higher lithium capacitance and drastically reduced upon addition
of surface groups like hydroxyl or fluorine, fully terminated hydroxyl
and fluorine MXenes have shown lithium storage capacities of 67 mAh/
g and 137 mAh/g respectively [11]. The cation capacity of MXenes is
not fully defined by formula weight as, Naguib et al. reported V,CT,
MXene showed highest lithium ion capacity (280 mAh/g at 1C and
12 mAh/g at 10 C) compared to TisC,Tx MXene (110 mAh/g at 1 C)
although niobium is more heavier than titanium the gravimetric ca-
pacity was found to be higher in Nb,C,T, (180 mAh g~ ! at 1 C) this was
explained by complex nature of surface termination [78]. As discussed
earlier about oxygen-terminated surface groups, Eames et al. predicted
that oxygen terminated MXenes are found to have higher capacitance
compared to hydroxyl and fluorine groups[47] as, Xie et al. in-
vestigated surface terminations of lithiated Ti3C>O, and observed an
extra layer of Li which enhanced the capacity (410 mAh g~ %) by fa-
cilitating the interactions between MXene layer and accessible volume
for additional lithium layers (Fig. 7a—c) [55].

The addition of other nanoparticles such as carbon nanotubes acts
as spacers and provide abundant space for intercalation of cations
[14,23]. Multi stacked layers of MXenes exhibit lower capacities and
reduced rate, Lin et al. described novel method to prepare TizC,Tx/CNF
hybrid electrode for lithium battery by chemical vapor deposition, a
superior reversible capacities of 320 mAh/g at 1C was observed by
Ti3C,Ty/CNF materials and there was no decay up to 2900 cycles at
100C [79]. Boota et al. described the simple method to synthesize in
situ polypyrrole/ TizC, composite electrode have reported volumetric
capacitances of ~1000F/cm? and efficient capacitive retentivity of 92%
after 25,000 cycles, this attribution to increase in interlayer distances
between TizC,Ty sheets (Fig. 8a) [80]. To overcome moderate capa-
cities, Luo et al. produced PVP-Sn (IV)@ Ti3C, nanocomposites by
polyvinylpyrrolidone (PVP)-assisted liquid-phase immersion method
and observed high volumetric capacitance of 635 mAh/g at 100 mA/g,
this was simply because of “pillar effect“ of Sn between the interlayers
and also the synergistic effect among alk-Ti3C, matrix and the char-
ge—discharge curves observed were similar to that of supercapacitors
(Fig. 8b) [81]. In-situ XRD was employed to study energy storage me-
chanism, Dall ‘Agnese et al. reported and compared electrochemical
performance of Ti3C, clay, fully delaminated and carbon nanotube
composite of TizC, electrode with organic electrolytes, the observed
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Fig. 9. Timeline of MXenes and recent their advances over last decades [24].

capacitance was 32 F/g and 85 F/g for clay MXene and delaminated
MXenes respectively and capacitance of 254 F/m at 2 mV/s was shown
by carbon nanotube/TizC, composite electrodes which provided in-
creased accessibility of the cations (Fig. 8c, d) [82]. Ti,C has the highest
surface area among all the potential MXenes and revels high gravi-
metric capacitance [71] later, Naguib et al. discussed that the gravi-
metric capacitance of Ti,C was found to be at least 50% more than that
of Ti3C, MXenes and has exhibited high capacities at various scanning
rates, this advancement in the change of capacity was observed because
of one inactive layer of TiC in Ti3C, [6]. Niobium-based electrodes are

also widely studied after Ti3C, electrodes, Mashtalir et al. explored the
capacitance of delaminated Nb,CT, flakes by intercalation of propyla-
mine, mild sonication and followed by vacuum filtering in CNT solu-
tion, this Nb,CT,/CNT electrode exhibited unprecedented volumetric
capacities of 325F/cm® and 400 mAh/g at 0.5 C [83]. Byeon et al.
tested three hybrid Nb,CT,/CNT electrodes that can be paired either as
a battery anode type or battery cathode type as well as symmetric setup
[84]. Although Nb,CTy exhibits high reversible capacity, they resemble
more like an electrochemical character than lithium batteries [18].
Molybdenum-based electrodes are also explored, Halim et al. in-
vestigated Mo,CTx—CNT paper electrode of 3 um thickness and tested it
against lithium, high volumetric capacitance of 560 mAh/g at 0.4 A/g
was observed along with 2/3 of lithium was stored under 0.5 V versus
Li/Li* and found to be stable for over 1000 cycles (Fig. 8e) [33].

5.2. Supercapacitors

The energy storage mechanism of a supercapacitor is intermediate
between battery and capacitor, it offers high power and energy den-
sities [1,4,85], the performance of TizC,Tyx depends on various factors
such as scan rate, cell configuration, and type of electrolyte. Super-
capacitors are categorized into two main groups; the first category is
electric double layer capacitor (EDLC) and the second one is pseudo
capacitors which are more preferred because of high volumetric capa-
city due to Faradic reactions [4,20]. Paper Ti3C,Ty capacitors have
shown less resistance than multilayer Ti3C,Tyx as, Lukatskaya et al. de-
scribed that few layers of TizC,Tx paper electrodes nearly doubled the
gravimetric capacitance and volumetric capacitance recorded in KOH
solution was 340 F/cm® which was much higher than activated gra-
phene (60-100 Fem™2), and carbon derived electrodes (180 Fem ™)
[5]. In perspective for further improvement of Ti3C,Ty electrodes,
Ghidui et al. synthesized Ti3C,Ty ‘clay’ by using LiF and HCI as etching
agent, and recorded high volumetric capacity was 900 Fem ™2 and
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gravimetric capacitance of 245 F/g, this improved capacities was ob-
served due to high interlayering spacing formed by clay during the
synthesis process [21]. Hu et al. fabricated Ti3C,T, films via dropping-
mild baking approach and then loaded these binder free Ti3C,Ty films
uniformly on nickel foam, which exhibited high ultrahigh gravimetric
capacitances of 499 F/g with exceptional cyclability [86].

Macroporous TisC,Ty electrodes are used to push capacitance up to
theoretical values as, Lukatskaya et al. investigated the Ti3C,Ty hy-
drogel films prepared by immersing vacuum filtered Ti3C,Tx colloidal
solution in acetone for 72 h, the resulting Ti;C,T, hydrogel demon-
strated areal capacitance up to 4 Fem ™2 and excellent volumetric ca-
pacity up to 1500 Fem ™2 surpassing the state-of-the-art of super-
capacitor electrode materials [22]. Recently flexible solid-state
supercapacitors were explored by, Dubal et al. assembled an asym-
metric cell of transparent TizC,Ty films and single-walled carbon na-
notubes as positive and negative electrodes respectively, as a result, the
cell displayed notable capacitance of 1.6 mF cm ™2 with no decay over
20 000 cycles [1]. Alternatively, Jun et al. explored Ti3C,Ty — reduced
graphene oxides (rGOs) for asymmetric micro-supercapacitors, they
displayed significant power density of 0.2 W/cm® and spelended energy
density of 8.6 mWh/cm?® under voltage window of 1 V and the 97% of
capacitance was retained after 10 000 cycles [85]. Xie et al. prepared
BiOCl nanosheets incapacitated on Ti3C,Ty nanocomposite flakes via
chemical bath deposition which exhibited attractive volumetric capa-
citances of 396.5 F/cm® at 1 A/g and 228 F/cm® at 15 A/g, high energy
density of 15.2 Wh/kg with power density of 567.4 W/kg, which was
higher than previous mentioned symmetric electrode [87]. Flexible
energy storage system has more attracted for their application in por-
table and wearable electronic devices, recently, Zhang et al. synthesized
Ti3C,Ty/Carbon Cloth (CC) flexible electrode by facile method of dip-
ping and fast freezing, the results indicated areal capacitance of
191 mF em~2 in 1 M H,SO,, with exceptional capacity of 97% was
retained after 8000 cycles at current density of 4 mA cm ™2, further
areal capacitance can be increased up to 312 mF cm ™~ 2 by alkalization
and annealing to obtain ak-Ti3C,T,/CC electrode [88]. Hybrid super-
capacitors has been geared as a modern type of energy storage as, Luo
et al. described that CTAB-Sn(IV)@TisC, prepared by facile liquid
phase CTAB prepillaring and Sn** pillaring process, the interatomic
space was increased by 177% i.e, 2.708 nm compared to initial spacing
of 0.977 nm, when CTAB-Sn(IV)@Ti3C, anode was coupled with AC
cathode, it exhibited significant capacitance retention of 71.1% after
4000 cycles at the rate of 2 A/g with columbic efficiency nearly equal to
100% [89]. It was confirmed that superior power density of 495 W/kg
with high energy density of 105.56 Wh/kg was achieved, also when the
power density was increased to 10.8 kW/kg the lithium ion capacitor
was still able to deliver 45.31 Wh/kg which was directly dependent on
the weight of CTAB-Sn(IV)@TisC, [89].

5.3. Non-lithium batteries and other fundamental applications

The extensive utilization of lithium resources has led researcher’s to
focus on rechargeable non-lithium batteries, MXenes owing to their
proficient nature in storing various cations like sodium(Na™), po-
tassium(K *), calcium(Ca®"), magnesium(Mg?*) and aluminium(AI**)
[4,5,9,24,47], the adsorbing capacity of TizC, for Na*, K*, Ca®" has
been theoretically predicted as 351.8, 191.8, 319.8 mAh g~ ! respec-
tively [24]. Multilayer MXenes are of great interest in the field of
electrochemical energy, however they are curtailed because of their
poor capacity along with torpid sodiation kinetics, to surmount this,
Luo et al. introduced sodium ion (Na+) between the Ti3C2 sheets to
form pillared sheets of Na-Ti3C2 with decreased Na+ diffusion barrier
and increased active site concentration and exhibited considerably high
reversible capacity of 175 mAh/g at 0.1 A/g with exceptional cycling
stability over 2000 cycles at 2 A/g, when Na-Ti3C2 was coupled with
AC cathode, the assembly demonstrated remarkable energy density of
80.2 Wh/kg with high power density of 6172 W/kg and protracted
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cycling stability performance accompanied with notable capacity re-
tention of approximately 78.4% at 2 A/g even after 15000 cycles [90].
From electrochemical measurements, Xie et al. reported that experi-
mental discharge capacities of multi-layered TizC,T, for Na* and K™
ion batteries are 370, and 260 mAh/g, respectively, corresponding to,
2.79Na, 1.96 K per TizC,Ty, furthermore regardless the size of cations
the similar capacities of 100 mAh/g is observed after 100 cycles [91].
Sodium storage batteries has been potential surrogate to lithium storage
batteries as, Luo et al. reported that the intercalation of Sn*>* the layers
of Ti3Cy not only serves as nucleation and growth of Na within the
layers, but also endows in large interatomic space for uniform deposi-
tion of Na contributing to pillar effect [7]. Therefore, the CT-Sn(II)
@TisC, prepared by prepillaring of CTAB, followed by Sn*>* pillaring
highly stable anodes could achieve high current densities up to
10 mA cm ™2 and substantial areal capacities up to 5 mAh cm ™2 over
500 cycles [7]. In the recent years sodium batteries have fascinatingly
attracted owing to their excellent safety and stability as, Guo et al.
discussed that TisC,T, nanosheets demonstrated excellent reversible
capacity of ~175 mAh/g, upon increasing the current density to
200-5000 mA h/g the capacities varied from 156 to 63 mAh/g [92].
Later to improve the sodium capacitance, Zhao et al. described that 3-
dimensional macroporous Ti3C,Ty film exhibited a discharge capaci-
tance of 390 mAh/g at 2.5 C and reversible capacitance of 210 mAh g ™!
with Columbic efficiency of 53.8% which was much higher compared to
multilayer Ti3C,Ty and TizC»Ty/carbon nanotube hybrid films [93]. The
sodium storage capacity was further improvised by intercalating the
sulphur atoms between the interlayer of Ti3C2 after successfully pre-
treating it with CTAB, during the annealing process when the tem-
perature is 4500C, the sulphur intercalated CT-S@Ti3C2-450 electrode
evidence with sodium storage capacity of 550 mAh/g at 0.1 A/g and
exceptional cycling stability of 5000 cycles at the rate of 10 A/g due to
augmented pseudocapacitance, which was verified by theoretical and
kinetic analysis. When CT-S@Ti3C2-450 anode was assembled with
commercial AC cathode, improved energy density of 263.2Wh/kg
under exalted power density of 8240 W/kg with prominent cyclic
performance was recorded [94]. Recently XRD and XPS were used to
examine the K* storage mechanism as, Naguib et al. developed tita-
nium carbonitride as an anode electrode for K* batteries, the results
have shown that initial capacity of 710 mAh/g dropped to 275 mAh/g
at the rate of 20 mA/g [95].

The structural architecture of MXenes with surface terminations
exhibit versatile nature for its use in diverse applications. Although a
majority of the application is based on energy storage, other potential
applications of MXenes outperform several 2D materials [9], for ex-
ample, hydrogen evolution reaction (HER) electrolysis approach has the
ability to generate hydrogen as green energy and also it can be devel-
oped in large scale [96,97] and it was first reported by Seh et al. that
MXenes can be used for the application of HER [98]. From the analysis
of DFT calculations, electrochemical analysis, and an array of char-
acterization methods, Handoko et al. showed that the occurrence of
fluorine groups was deleterious for (HER), the inimical effects of
fluorine terminations was not only just limited to Titanium based
MXenes, but also explained for Molybdenum based MXenes [99]. These
outcomes can be effectively used for designing novel materials for HER,
when minimum overpotential is preferred or for energy harvesting,
when maximum voltage is required [99]. To reduce the radical effects
of climate change, sustainable energy conversion and storage play a
crucial role, especially by electrocatalytic and photocatalytic reduction
of carbon dioxide to valuable fuels and chemicals [100-102]. W,CO,
and Ti,CO has been identified as promising materials for electro-
catalytic reduction of CO,, because of low overpotential on the surface
that can be accomplished due to more energetically propitious
*HCOOH path compared to *CO route and does not depend much on
n—C coordinated intermediates [100]. And most importantly, TizCoTx
sheets are known for excellent electromagnetic interference shielding
comparable to that of graphene [103,104]. Other applications of
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Table 3
Applications of MXenes other than energy storage and the corresponding MXenes.
Applications Material Explanation References
Electromagnetic interference Ti3CyTy, TizCoTy/calcium alginate Excellent shielding performance in aerospace and smart electronic devices. [103,116]
shielding

Antibacterial Activity TizCoTy Bactericidal properties to counter Escherichia coli (E. coli) and Bacillus subtilis [112,117]
(B. subtilis)

Photo catalysis TizCyTy, TipCO,, TizCo(OH/ONa),, TisCo Dehydrogenation of hydrogen storage materials, CO oxidation, oxygen reduction  [97,102,118]

and g-C3N4 nanocomposites. reaction, oxygen evolution reaction (OER), and hydrogen evolution reaction

(HER).

Thermal decomposition TizC,-Cu0 nanocomposites. Decomposition of Ammonium perchlorate (NH4ClO,4 or AP), a widely used rocket ~ [119]
propellent.

Biosensors (3-Aminopropyl) triethoxysilane Highly responsive for carcinoembryonic antigen detection. [120]

functionalized TiszC,

Radionuclide imprisoning Hydrated TizC,Ty, Capture of environmental hazards heavy metals such as Uranium (VI) [121]

Gas sensors TizCaTx Detection of volatile organic gases present in small quantity, so as to cure the [122]
disease at an early stage

Water Desalination TizC,Tx (similar to aerogel) High adsorbing capacitive deionization (CDI) of saline water [123]

Photo thermal TizCy Synergistic therapy for combating cancer eradication [124,125]

Structural composites TizC,Ty . Polyurethane Addition of MXenes results in significant increase in yield stress, tensile strength ~ [114]
and hardness.

Electronics field TioCTx Exhibit excellent field effect mobilities and band gaps can be altered by altering  [31]
surface groups.

Dye absorption alk-TizCoTx Modified surface group MXenes enhances rapid adsorption of methylene blue [126]

Water purification TizC,Tx — Fe,03 substantial selectivity and absorption of phosphate [127]

Lubrication TizCoTy Acts as additive lubrication in base oil [9]

MXenes has also been investigated such as catalysis [105,106], bio-
sensors [107-109], photothermal therapy [110], gas sensors [111],
antibacterial activity [112], water purification [9,113], reinforcement
composites [114] and resistive random-access memories (RRAMs)
[115] (Table 3).

6. Conclusions

In the past five years, there has been substantial evolution in de-
velopment of 2D carbides, carbonitrides and nitrides as energy har-
vesting materials and demonstrated remarkable performance compar-
able to graphene. The versatile structure and notable properties have
attracted MXenes into disparate applications in present-day, among
them especially Ti3C,T, has drawn significant amount of involvement
and is epitome of promising electrode, biocompatible and flexible film
material.

In this review, on the basis of theoretical, computational and ex-
perimental studies we have contemplated TizC,Ty as energy storage
device like rechargeable lithium batteries and supercapacitors. In gen-
eral HF solution based and fluoride salt-based etching are endorsed for
synthesis of MXene, HF synthesized MXenes are smaller in size and has
more faults, whereas fluoride-based etching produces MXenes of larger
flake size and good mechanical strength properties. The mechanical
stripping process to obtain multilayers of MXene is also possible by
embedding polar organic molecules between MXenes sheets followed
by mechanical oscillation or sonication. The yields are significantly
higher and procedure is facile and readily extendable and the use of
non-aqueous etchants could avoid the oxygen and hydroxyl groups.
Although the most constructive and commonly practised routes to
synthesize TizC,Ty is by selective etching of Ti3AlC, precursors with HF
solution, it is always preferable to use LiH-HF etchant which is rela-
tively milder with high yield. The selective etching processes adds
oxygen, hydroxyl and fluorine terminations to the bare MXenes and
other mature synthesis routes are etching from non-MAX precursors, for
example Zr3Al;Cs to obtain Zr3C,Ty and also CVD synthesis process to
achieve high quality ultra-thin orthorhombic 2D a-MoC and other
emerging MXenes which have been evaluated in succinct. XRD results
provide sufficient evidence to substantiate whether MAX is entirely
transformed into MXene and it is essential to tune the properties of
Ti3C,Ty for miscellaneous applications.

In general, the crystal of MXenes is hexagonal close packed structure

11

which is identical to their parent structure and has coordination
number 6. They are usually labelled as M, ; 1 X,,, where (n + 1) layers of
M are in alternatively interfaced to (n) layers of X, the surface class is
highly dependent on the synthesis technique and are arbitrarily dis-
seminated. The theoretically calculated value of c lattice parameter by
XRD method was imprecise with XRD results for completely hydrated
MXene, albeit the fact that the mixture of fluorine and hydroxyl group
were present. By vacillating the synthesis process, surface groups, de-
gree of delamination and exfoliation can be tuned in desired fashion.
The surface groups play decisive role in determining the properties and
stability of MXenes, typically surface groups reduce conductivity and
eliminates magnetic nature, MXenes with oxygen terminated are rea-
sonably more stable compared to fluorine or hydroxyl group, practical
insight on concept of surface distribution is very complex to under-
stand. In addition to high conductivity, TizC,Tyx illustrate high me-
chanical properties and outstanding optical properties making it per-
tinent to define as promising flexible thin films and act as flexible
electrode material in supercapacitors, by taking worth of diverse
properties of Ti3C,Ty makes it appropriate candidate in assorted ap-
plications which has been addressed in terse.

Due to synergistic effect in prevention of conglomeration, enhan-
cing electrochemical permanence, improved pseudo capacitance and
promoting electron conductivity, MXene based electrodes have opened
a new door to diversified energy storage system. The 2D morphology
and interface characteristics of TizC,Ty facilitate in intercalation of
many multivalent cations in between the layers, Li intercalation has
been major attraction in recent years for their application in re-
chargeable LiBs. Apart from Li ions, MXenes are potential host for a
variety of other cations including Na*, K*, NH* ¥, Mg2" and AI*¥,
that can be intercalated electrochemically, while reaching exceptional
capacities of over 300 F and anodized Ti3SiC, used as Li ion micro
batteries performed at various multiple current densities with an ex-
ceedingly areal capacity. MXene premised composite electrodes with
metal oxides as filler material are imperative, because of immanent
capacities, ancillary electrolyte ion access and conductive pathways has
been achieved by incorporation of spacers like transition metal oxides,
CNT and PPy, these heterostructures proficiently inhibited the re-
stacking of Mxene nanosheets. Furthermore, the porous structure of
Mxene supercapacitor has displayed substantial increase in perfor-
mance, other practicable supercapacitors have also been designed apart
from double symmetrical electrodes. Owing to their peculiar 2D layered
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Table 4
Summary and comparison between MXenes and convectional 2D materials.
Material Type of energy storage  Electrolyte solution Capacity at different scan rates and their retention References
stability after specific cycles
Black phosphorus/graphene  LIB 1.0 M of LiPF¢ in EC/DEC/EMC at 1:1 ratio. 480 mAh/g at 100 mA/g, over 100 cycles [128]
Graphene LIB 1.0 M of LiClO,4 in EC/DEC 540 mAh/g [129]
Phosphorene-graphene NIB 1.0 M of NaPFg in EC/DEC along with 10% 645 mAh/g at 10C and efficiency of 97.6 and 99.3%, [130]
fluoroethylene carbonate after first 100 cycles.
TiCTx NIB 1.0 M of NaPFg in EC/DEC 90 mAh/g and 40 mAh/g at 1 A/g and 5 A/g [20]
TizCoTy NIB 1.0 M of H,S0,4 900F/cm® [91
Ti3Co(OH) gF1 2/Ag LIB 1.0 M of LiPFs in EC/DEC/EMC 310 mAh/g at 1C after 800 cycles and 150 mAh/g at [771]
50C after 5000cycles
Ti5SiCy LIB 1.0 M of LiPFs in EC/DEC After 140 cycles, 380 uAh/cm? (200 pA/cm?) [131]
Nb,CT,/CNT LIB 1.0 M of LiPF¢ in EC/DEC 400 mAh/g at 0.5C [83]
PVP-Sn(IV) @Ti3C, LIB 1.0 M of LiPF¢ in EC/DEC 635 mAh/g at 100 mA/g, magnificent retention after  [81]
50 cycles
p-TizCyT/CNT LIB 1.0 M of LiPFg in EC/DEC as 1:1 ratio 1250 mAh/g at 0.1C [26]
TizC,Ty hydrogel Supercapacitor Saturated solution K,SO, or Ag/AgCl in 1 M KCl 1,500F/m? and areal capacitance up to 4F/cm? [22]

EC - ethylene carbonate, DEC- dimethyl carbonate and EMC -ethyl methyl carbonate.

architecture and efficient adsorption the gravimetric and volumetric
capacitances of Ti3C,T, has been tested and determined by various
practical methods, Table 4 has outlined brilliant performance of various
MXene composites over present 2D materials in energy storage appli-
cations. It is noteworthy, that TizC, only represents one example of
family of MXenes, further evolvement and implication of these results
shed light for developing high performance hybrid MXenes electrodes
for energy storage devices, the potential of MXenes in energy harvesting
applications is incredibly prodigious.
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