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Since the discovery of Ti3C; MXene in 2011, continuous research has been progressed in developing new
MAX phases and extracting MXenes from them. The surface terminations such as -0, -OH, -F groups
present on the MXene influence their properties to a wide extent. By controlling the inter-layer spacing
between the MXene sheets and the number of MXene layers, their properties can be tuned greatly. Their
2D structure with unique compositions has helped them obtain properties that are useful in various fields
of applications such as batteries, supercapacitors, photo and electrocatalysts, bio-sensors, gas-sensors,
water purification, water splitting, lubricants, electronics, electromagnetic interference shielding and so
on. This review focuses on the synthesis, properties and applications of MXenes outlining the current
challenges and scope for future research.
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1. Introduction

Batteries the widely used storage systems face the problem
of low power density while exhibiting excellent energy density.
Capacitors exhibit excellent power density but poor energy den-
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sity. Supercapacitors are currently the widely researched storage
systems which exhibit the properties of both batteries as well as
capacitors. The performance of supercapacitor can be enhanced by
changing the electrode materials [1,2]. Based on the type of elec-
trode materials used, the supercapacitors are further classified as
electrochemical double layer capacitors (EDLC) and pseudocapac-
itors [3]. EDLC based supercapacitors are formed with the use of
carbonaceous materials as its electrode [4]. EDLC based superca-
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pacitors store charges based on non-faradaic reactions whereas
pseudocapacitors store charges based on Faradaic reactions [5].
Conducting polymers, metal oxides, metal sulfides, metal nitrides
and tellurides constitute the electrode materials for pseudoca-
pacitors. Each of these materials has its own advantages and
disadvantages compared to each other [6]. In the quest for devel-
oping advanced electrode materials for supercapacitors, various
research works have been carried out.

Two dimensional nanomaterials are those that have two dimen-
sions outside the nanoscale range. The quest for developing 2D
nanostructured materials increased after the discovery of the ‘won-
der material’ Graphene by Novoselov and Geim [7]. With the
excellent optical, electrical, thermal and mechanical properties
exhibited by graphene, it has found outstanding applications in
almost every field of research [8,9]. Due to the unique physical
and chemical properties exhibited by 2D material graphene, var-
ious other 2D materials such as hexagonal boron nitride (hBN)
[10], transition metal dichacolgenides (TMDs) [11], metal-organic
frameworks (MOFs) [12], Metal oxides [13], germanane, silicene
[13] and phosphorene [14] gained much attention. Recently a new
group of 2D materials known as MXenes discovered by Gogotsi
and Barsoum in 2011 have attracted researchers due to its impec-
cable properties [15]. MXenes belong to the family of transition
metal carbides, nitrides and carbonitrides. They are formed by the
selective etching of ‘A’ layers from their MAX phases with gen-
eral formula M+1AX, where, n=1, 2 or 3, M is the early transition
metal (Ti, V, Cr, Mn, Zr, Nb, Mo or Ta), A is group 13 or 14 element
(Al, Ga, In, Si, Ge, As, Sn or Pb), and X is either or both carbon or
nitrogen [16]. These MAX phases are layered hexagonal structures
with a space group Dg,-P63/mmc and with two formula units per
cell. Closely packed M-layers are interleaved with layers of group
A element and X atoms fill up the octahedral sites between the
former [17]. The M—X bond exhibit strong covalent/metallic/ionic
character, whereas the bond between M—A is metallic in nature.
In comparison with other layered materials such as graphene and
TMD’s [7,11], where weak van der Waals interactions hold the lay-
ers together, the bonds in the MAX phases are too strong to be
broken. However, the M—A bonds are slightly weaker when com-
pared to the M—X bond and using this phenomenon of relative
bond energies, the A atoms can be selectively etched from the MAX
phases by strong acids or molten salts without disrupting the M—X
bonds [18]. The 2D material formed after the selective etching of
A layers from its MAX phase was named MXene in order to high-
light its graphene-like morphology. This so formed MXene has a
formula M+ X, Tx where, T refers to the surface terminated func-
tional groups (-0, -OH, -F) attached on to the M atoms after the
etching procedure. According to Barsoum, using the vast number
of combinational possibilities from the three elements of the MAX
phase, more than 60 MAX phases have been produced so far, but
only a few MXenes from those are reported till date [19]. This has
opened a challenge among researchers in exploring new MXenes.
Depending on the value of n, three phases have known to exist such
as 211,312 and 413 phases (MAX, M3AX, and M4AX3) as shown in
Fig. 1 [20]. Among the three phases, a majority are the 211 phases.
Many more MXenes are expected to be produced from their MAX
phasesin future thus providing alot of scope in this field of research.

MXenes have found applications in every possible field with
its 2D structure and unique properties. MXenes have found wide
applications as catalysts for oxygen reduction reaction (ORR)
[21,22], oxygen evolution reaction (OER) [23,24], CO oxidation [25],
dehydrogenation of hydrogen storage materials [26,27], hydrogen
evolution reactions [28,29]. They have also found their applications
in sensor technology as electrochemical biosensors [30], gas sen-
sors [31], detection of macromolecules and cells [32] etc. One of
the major applications of MXenes is in energy storage devices [33].
MXenes have found its potential as electrodes for Li-ion batteries,

Na- ion batteries and supercapacitors [34-37]. Due to the surface
terminated functional groups and the layered structures of MXenes,
they are seen to provide improved supercapacitive performance
compared to other electrode materials. By tuning the inter-layer
distances of MXenes, the supercapacitance can also be varied.

With this view, this review article summarizes the current
trends in the synthesis of MXenes and outlines its experimental
and theoretical challenges. The current progress in MXene research,
their properties and potential applications of these exciting 2D
materials as supercapacitor electrodes are also well discussed.
Although many review articles are found on MXenes, much details
on the synthesis of Nitride based MXenes and particularly the etch-
ing procedures are not found. Such processes will be detailed and
discussed.

2. Synthesis

In general, a MAX phase is initially formed by mixing the ele-
mental powders of M, A and X in particular atomic ratios and
heating them to high temperatures. The ball milled samples are
usually hot pressed or cold pressed to enable densification and
to reduce the amount of structural flaws, such as microvoids and
cracks in the material. Pressure applied during the pressing is used
to influence the preferred orientation of grain growth. Pressure-
less sintering is done by just heating the MAX powders to certain
temperature. Li et al. reported that Ti3C, obtained by pressureless
sintering of Ti3 AlC, was highly oriented compared to that obtained
from hot-pressed Ti3AIC, [38]. Once the MAX phase is formed, the A
element will be etched away to form the MXene. As a result of this,
the dense MAX powders will be converted to stacked layers that are
loosely packed forming the Multi-layered (ML) MXenes. These ML-
MXenes will be further subjected to exfoliation, thereby producing
few-layered MXenes. The confirmation regarding the conversion of
MAX phase to MXene can be done through X-ray diffraction (XRD)
and energy-dispersive spectroscopy (EDS). If there is complete con-
version of MAX to MXene then the XRD pattern will contain only
(0001) peaks (indicating the loss of order in non-basal directions)
and all other peaks will be weak or absent. The (0001) peaks will
be broad and downshifted to lower angles indicating an increase in
the c lattice parameter. The ratio of A:M will be calculated through
EDS; if this ratio is negligible then it indicates complete conversion.
The XRD pattern of V,CTx MXene is shown in Fig. 2d. It could be
seen that only peaks pertaining to (0001) is present in the pattern
for V,CTx MXene [39].

2.1. Etchants

Etchants are required to break the strong chemical bonds exist-
ing between the elements A and M in the MAX phase, thus enabling
exfoliation of the material. The etching for most of the carbide based
MAX powder is simply done by treating it with an aqueous solution
of HF, with a specific concentration and for a particular amount of
time. The HF treated MAX powders are subjected to centrifugation
followed by washing with DI water until the pH reaches a value
between 4 and 6. The solution is then filtered to obtain MXene,
the accordion-like structure similar to exfoliated graphite [40]. The
layered structures are further subjected to ultrasonication to obtain
delaminated structures. This schematic is shown in Fig. 3.

Such treatment leaves surface terminated functional groups
onto the surface of the metal and this is described by the following
equations [42]:

Mn;1AXn + 3HF — AF3 + 32H; + My 1 Xn (1)
Mp41Xn +2H20 — My, 1Xn (OH), +H; (2)
Mpn41Xn + 2HF — Mp1XnF2 +Hy (3)
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Fig. 1. MAX-phase unit cell structures of 211 (n=1), 312 (n=2) and 413 (n=3).Reproduced with permission from [20] copyright 2016, Elsevier Ltd.
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Fig. 2. (a) Schematic illustration of the selective etching process used to synthesize V,CTx MXene from V,AIC MAX phase. (b) SEM image of V,AIC MAX phase particle. (c)
SEM image of V,AIC treated with 50 % HF for 92 h at room temperature. (d) XRD patterns of V,AIC before and after HF treatment (V,CTx MXene). Asterisk (*) denotes the
remaining MAX phase residual in the etched powder. Reproduced with permission from [39] copyright 2017, American Chemical Society.
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MAX phases are layered ternary
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Fig. 3. Schematic for the exfoliation process of MAX phases and formation of MXenes. Reproduced with permission from [41] copyright 2012, American Chemical Society.

Eq. (1) represents the formation of M;+1 X, phase from its MAX
phase. Eq.s (2) and (3) represent the surface functionalization of
the Mp+1Xn phase due to the electrophilic nature of the metal with
elements such as OH and F during the etching process. The packed
layers are known as multi-layered MXenes and if the layers are less
than 5, they are referred as few layered MXene. To obtain these few-
layered MXenes, sonication was carried out by intercalating various
intercalating agents [18]. By reducing the size of MAX phases by
ball milling, the time and concentrations of HF can be reduced [43].
The bond energies of M—A also play a role in deciding the required
concentration and time duration of HF [44].

Mohamed Alhabeb et al. reported a detailed work done on the
effect of different etchants and delamination methods in the for-
mation of Ti3C,Tx [45]. The concentration of the HF acid and the
reaction times were all varied and a study was reported on this. It
was shown that a 5wt% HF was able to etch aluminum out of the
Ti3AlC, but the accordion-like morphology was observed only for
>10 wt% HF solutions. The SEM images obtained for V,AIC treated
with 50 wt% HF for 92 h at RT is shown in Fig. 2c. The sheets are
clearly visible here for increased reaction time and concentration
[39]. Several reports are found on the use of in situ HF formed when
an acid-fluoride salt was used as an etchant. Acids (HCl, H,SO4)
and fluoride salts (NH4HF,, KHF,, NaHF; ) were mixed in right pro-
portions to form the etching agents [46-48]. Liu et al. reported an
extensive work on the role of different fluoride salts such as LiF,
NaF, KF and NH4F in HCI as etchants for Ti3AlC; and Ti, AIC [48]. In
the work reported by Halim et al., it was seen that when NH4HF,
was used as the etching agent, the time required for the etching
to complete was longer when compared to HF [46]. Also, NH4HF;
intercalates NH4* ions into the stacked layers thereby enabling the
delamination of sheets without the need of delaminating agents.
This phenomenon of intercalation of cations such as Na*, K*, NH4
*,Mg?* and Al3* into the MXene layers not only help in the delami-
nation of the MXene sheets but also helps to increase the volumetric
capacitance in case of supercapacitors. A schematic illustration of
this is given in Fig. 4 [49].

Ghidiu et al. reported the use of fluoride salt, LiF dissolved in
6 M HCI as the etching solution. The Ti3AlC; MAX powders were
slowly added to the acid-salt mixture and the solution mixture was
maintained at 40 °C for 45 h. The sediment was filtered and washed
with DI water repeatedly. This sediment in its wet state was in a
clay form and could be rolled to form flexible, free-standing films
or the wet clay could be molded into different shapes. In its diluted
state, it could also be used as an ink (shown in Fig. 5) [50].

It is known that the M—A bonds are comparatively easy to break
when compared to M—X bonds, but it is imperative to note that the
bond energies of different M—A elements varies widely. In particu-
lar, the bond energies associated with Ti-Al and Ta-Al in Ti, AIC and
Ta;AlC MAX phases is 0.98 eV and 1.25 eV, respectively. This shows
that strong etchants and longer etching times are required to etch
Al from Ta; AlC when compared to Ti, AlC [44].

Nitride based MXenes are electronically conductive than car-
bide based MXenes, thus are suitable to be used as electrodes for
supercapacitors. Aqueous acidic solutions are suitable for etching
the A element from their MAX phase to produce carbide and car-
bonitride based MXenes, but fail to produce nitride based MXenes.
Shein and Ivanovskii reported that the energy needed for the for-
mation of Tiy+1 Ny from its MAX phase Ti,.+1AINy is higher when
compared to Ti, +1Cy, whereas the cohesive energy of Tiy.1Np is
less than Tip+1Cy [51]. Higher formation energy implies that the
Al atoms are more strongly bonded in nitride based MAX phases
thus requiring more energy for its removal. Lower cohesive energy
implies that nitride based MAX phases is less stable with a possi-
bility that it might dissolve in HF solutions. Due to these before
said reasons, the synthesis of nitride based MXenes is found to
be difficult. Only few works have been reported on the success-
ful synthesis of nitride based MXenes till date [52,53]. For the first
time, Urbankowski et al. reported the synthesis of TigN3 using a
eutectic molten salt mixture as the etchant. The eutectic fluoride
salt mixture consisted of 59 wt% of KF, 29 wt% of LiF and 12 wt% of
NaF. This salt mixture was added to the MAX phase Ti4AIN3 and
heated at 550°C for 30 min under Ar. The multilayered TigN3Tx
particles were further delaminated to produce few and monolay-
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Fig. 5. Schematic of Ti3;C, MXene clay formed by etching Al from Ti3AlC, using LiF-HCI as etching agents and electrode preparation using the wet clay. Clay is rolled up to

obtain different shapes [50].

ered TigN3Tx [52]. The XRD and the SEM images of the first nitride
based MXene TizN3Tx is given in Fig. 6. Soundiraraju and George
reported the synthesis of lower order nitride based MXene TiyN as
aSurface-Enhanced Raman Scattering substrate. Different etchants,
viz., HF, HF-HCl, KF, and KF-HCI mixture were used in this study in
order to determine the best suitable etchant. Typical layered mor-
phology was observed through SEM images for Ti;N obtained by
immersing the MAX powders of Ti,AIN into a mixture of KF and
HCI [53]. Molten salt etching method has been found to be effec-
tive in forming nitride based MXenes. Very recently Djire and group
have reported the formations of Ti;N and TisN3 MXenes using the
molten salt etching method [54,55].

2.2. Intercalating and delaminating agents

Intercalation and delamination/exfoliation is important to
obtain single-layered MXene sheets. During the process of etch-
ing and delaminating, parameters such as surface functionalization,
number of layers, crystallinity are all affected. As mentioned ear-
lier, when fluoride salts such as KF, NaF or LiF dissolved in HCl is
used as an etchant, additional delaminating agent is not required
as the cations in the fluoride salts intercalate into the layers of
MXene thereby delaminating them. Thus simultaneous exfoliation
is achieved during the etching process. Delamination can simply be
achieved by sonicating the MXene suspension, but prolonged son-
ication will have an effect on the edges of the lamellar structures
and might break the sheets [49]. Mashtalir et al. for the first time

reported on the intercalation of hydrazine monohydrate (HM) and
hydrazine monohydrate dissolved in DMF into the layers of func-
tionalized Ti3C; and then delaminating them using urea and DMSO.
It was seen that intercalation of HM and HM/DMF resulted in an
increase in the c-lattice parameter of f-Ti3Cy, from 19.5-25.48 and
26.8 A, respectively. With the use of DMSO, the c-LPs increased from
19.5+0.1A to 35.04+0.02 A. An increase in the c-lattice parame-
ter indicates the increase in the interlayer spacing in multi-layered
MXenes, which in turn leads to the weakening of bonds between
the layers thereby enabling exfoliation of multi-layered MXenes
into single- layered MXenes [56]. Fig. 7 indicates the FESEM images
of MAX, etched MAX forming MXene and the delaminated struc-
tures. The c-lattice parameter increased with the etching of Al to
17.33 A from 13.59A [53].

The zeta potential measurements show that MXenes are neg-
atively charged (hydrophilic in nature) and thus when they are
delaminated, they can form stable, surfactant free colloidal solu-
tions in water. This phenomenon was well explained by Naguib
et al., where various organic bases were tested for their effective-
ness as delaminating agents [57]. Common delaminating agents
are dimethyl sulfoxide (DMSO), tetramethylammonium hydroxide
(TMAOH), urea, hydrazine, choline hydroxide and n-butylamine.
Once the organic molecules intercalate into the MXene flakes,
slight agitation or mild sonication will lead to the delamination of
sheets (scheme shown in Fig. 8) [57,73,74]. High-energy mechan-
ical milling method (HEMM) in organic solvents was proposed by
Wau et al. wherein, the MXene powders were suspended in dimethyl
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Fig. 7. FESEM images of Ti,AIN MAX phase (a), KF-HCl etched MXene Ti;N (b), delaminated MXene (c). Reproduced with permission from [53] copyright 2017, American

Chemical Society.

sulfoxide (DMSO) and milled to produce few-layer nanosheets.
These few-layer MXene nanosheets efficiently prevents the oxida-
tion of MXene and facilitates fast electron transport, Na* diffusion
and exhibits great performance as anodes for sodium-ion batteries
[75] Table 1 provides a summary of trends used in the synthesis
and exfoliation of MXenes.

2.3. Surface chemistry of MXene

MXenes have already established their importance in a myriad
of applications such as sensors, catalysts, electromagnetic shield-
ing, energy storage and many more. This achievement is greatly due
to their high metallic conductivity. Thus research is being focused
in further enhancing their metallic conductivity. This could be pos-
sible by engineering the surface chemistry of MXenes [76]. In the

chemical formula of MXene M;.1X,Tx, Tx stands for surface ter-
minations and X indicates the amount of terminations onto the
surface. Thus surfaces contain species that does not belong to the
MAX phase. The strong bond existing between the M atoms and
the Tx groups is responsible for the negative energy formation of
MXenes [77]. Persson demonstrated theoretically the termination
process happening in MXenes. When HF interacts with the MAX
phase Ti3AlC,, it targets the A layer in the MAX phase. HF dissoci-
ates into H and F and starts interacting with A and M elements. H
being moderately attracted, escapes as H,. Al reacts with F form-
ing AlF3 which is later removed by continuous washing. In this
process M element gets terminated with Hand F[78]. XPS is a pow-
erful tool in determining the surface chemical compositions and
the chemical states of the various species. This is the most popular
technique reported in literature [56]. Another popular technique
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Table 1
Summary of synthesis of MXene from MAX phases, exfoliating agents and their applications.
MAX phase Etchant used for the synthesis Etching Conditions MXene Delaminating agent used Applications Ref.
(Concentration and
time)
V,AIC HF 48 %,92h V,CTx TBAOH, - [57]
n-butylamine,
choline hydroxide
Ti3AICN HF 30 % for 18 h Ti3CNTy TBAOH - [57]
Ti3AlC, LiF/HCl 5M LiF and 6 M HCI TisCoTx Ultrasonication Anti-bacterial [58]
TisAlC, HF 40 %,48 h TisCoTx - Electromagnetic absorption and shielding [22]
Ti3AlC, HF 48 %,20 h Ti3CoTx DMSO Sensor [59]
Ti, AlC HF 10%,18 h TiyC - - [60]
Mo,Ga,C HF 48 —51%, 6.6 days Mo, C - - [60]
Ti3AlC, LiF-HCl 9 g of LiF, 9M HCl, 24 h TisC; DMSO Supercapacitor [61]
V,AIC NaF-HCl 2 g of NaF, 40 ml HCI V,C - Li - ion battery [62]
TisAlC, HF 50%,2h Ti5Cy - - [15]
Ti3AlC, LiF-HCl 1 g of LiF, 20 ml HCl, 20 days Ti3Cy - Supercapacitor [37]
Ti AIN KF-HCl 6 g of KF,6 M HCl, 1 h TiaN DMSO SERS [53]
TisAIN; KF + LiF + NaF and H,SO4 Molar ratio 0.59:0.29 : 0.12 TigN3Tx TBAOH - [52]
Ti, AIN KF + LiF + NaF and HCl Molar ratio 0.59:0.29 : 0.12 Ti;NTy - Energy storage [54]
Hf3(AI(Si))4Cs HF 35%,60h Hf3C,T, - Li - ion storage [63]
Nb,AIC HF 50%,48 h Nb,C Isopropylamine Li - ion storage [64]
Mo, TiAIC; HF 48-51%,48 h Mo, TiC, DMSO Li - ion storage [65]
Mo, Ti;AlCs HF 48-51%,90h Mo,Ti,C3 - Li - ion storage [65]
Ti3AlC, NH4F 1509C,24 h Ti3C, - Li - ion storage [66]
(hydrothermal)
Ti3AlCy, Ti;AIC HCI +fluoride salt 20ml HCl Ti3C, Ti,C DMSO, Urea, NH3 H,0 Methane absorption [48]
TisAlC, HF 50%,18 h Ti3CoTx Hydrazine monohydrate Supercapacitor [67]
TisAlC, HF 50%,2h TisCo Ty Sonication - [68]
TisAlC, HF 40%,18 h TisCoTx DMSO Supercapacitor [69]
TizAlC, HF 50%,36h TisCoTx DMSO Supercapacitor [70]
TizAlC; HCI +HF + DI water 9IM, 49 % TizCoTx LiCl Supercapacitor [71]
V4AIC3 HF 40 %,24 and 96 h V4Cs - Supercapacitor [72]
Ti3AlC, HF 50%,96 h TisCoTx - Supercapacitor [33]

- Indicate that the corresponding datas are not available.

is nuclear magnetic resonance (NMR). NMR is also used in the
quantification of species. Other basic techniques include scan-
ning electron microscope (SEM), transmission electron Microscope
(TEM), energy-dispersive x-ray spectroscopy (EDX) and electron
energy loss spectroscopy (EELS) [53]. However, EDX cannot detect
lighter elements and depends largely on the experimental condi-
tions. Hope et al. demonstrated that NMR technique is suitable for
the quantification of surface terminations on the Ti3C;Tx MXene
[79]. When exposed to aqueous HF solutions, MXene surface gets
saturated with oxygen at low hydrogen chemical potential py.
MXenes with M =Sc exhibits high stability with F terminations

and is easy to be exfoliated to single layers [77]. Naguib et al.
theoretically proved that surface termination and their orienta-
tion with respect to MXene sheets helps in tuning their band gap.
They reported that Ti3C; is metallic in nature but with terminations
such as hydroxyl and/or fluorine groups induces a small band gap
of 0.05eV and 0.1 eV respectively [15,76]. Liu et al. reported that
the surface chemistry of MXenes strongly affect their Fermi levels.
When compared to bare MXenes, surfaces terminated with -O have
increased work function, -OH terminations exhibit decreased work
function and -F terminations exhibit values based on the mate-
rial type. The surface dipoles along with Fermi level pinning allows
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injection of Schottky-barrier-free charges into the 2D semiconduc-
tors [80].

3. Properties

Due to the various outstanding properties exhibited by MXenes,
they find applications in various fields. The electronic properties
of MXenes are influenced by their composition and the functional
groups attached onto their surfaces. Transition metal carbides and
Transition metal nitrides are known to possess superior chemical
and thermal stability [81]. This also implies to MXenes due to the
strong M—C and/or M—N bonds present in them. The first report
on experimental determination of the thermal stability of Ti3C,
MXene was given by Li et al [38]. In their study, thermogravime-
try and differential scanning calorimetry analysis was carried out
based on which the stability was determined. In the presence
of Argon, Ti3C, MXene was stable upto a temperature of 800°C
whereas in the presence of oxygen, parts of MXene were oxidized
at 200°C forming nano crystals evenly distributed on the surface of
the sheets and at 1000°C, MXene sheets were completely oxidized.
This shows that MXenes are unstable in oxygen environment and
in water [82]. Delaminated MXenes in water form colloidal solu-
tions and these can be stored in hermetic Ar-filled bottles to avoid
oxidation. Degradation usually starts at the edges forming crystals
and then spreads exponentially [83].

Aflexible free standing conductive film was prepared for the first
time using Ti3C, T composite with poly(diallyldimethylammonium
chloride) (PDDA) and polyvinyl alcohol (PVA) by Ling et al. A 3.3-
pm-thick Ti3C,Tx film exhibited a tensile strength of 22 +2 MPa
and a Young’s modulus of 3.5+ 0.01 GPa. With a 60 % PVA added
to the MXene, the tensile strength increased to about four times
when compared to pure Ti3C,;Tx film. For pure Ti3C,Tx, an elec-
trical conductivity of about 2.4 x 10° S/m was observed, whereas
Ti3C, Tx/PVA composite film exhibited an electrical conductivity of
2.2 x 10* S/m. Addition of polymer matrix into the structures of
MXenes have shown to exhibit enhanced mechanical and electrical
properties [84]. Transparent conductive thin films were produced
by spray coating of colloidal suspensions of delaminated Ti3C,Tx
whose optoelectronic properties were studied. It was seen that
these properties vary with the intercalations of ions between the
layers of Ti3C,Tx. Thin films from MXene can also be made by
spin coating or drop casting methods [85,86]. Magnetism is said
to be present in MXenes which do not have surface terminations,
however such MXenes do not predominantly exist. Khazaei et al.
proposed that Cr based MXenes such as Cr,CF,, Cr,C(OH),, CryNFs,
CryN(OH);, and CryNO, with surface terminations can be magnetic
at low temperatures, however there is no experimental evidence
till date for their magnetic properties [87].

Though more than 60 MAX phases are reported, only few
MXenes have been found from them and have found their practi-
cal applications. Many more MXenes are expected to be practically
used in the near future. Carbide and carbonitride based MXenes
such as TiyC [41], Ti3C, [50], VoC [62], NbsCs [88], NbyC [89],
Mo,ScCy [90], Mo, C [9]], ZI'3C2 [92], Ta4C3 [4]], HfngTz [48],
TiNbC [73], MoyTiC; [65], (Tip.sNbos)2C [41], (VosCros5)3C2 [73],
CrpTiCy [65], MoyTiaCs [65], (NbogTip2)4C3 [88], (NbggZro2)4Cs
[88]and Ti3CN[57] are some of the reported MXenes. Nitride-based
MXenes viz. TigN3 [52] and Ti; N [53] have also been reported. Metal
nitride based MXenes obtained by the ammonization of carbide
based MXenes have also been reported [93]. The unique electrical
and mechanical properties, thermal and chemical stability led to
the use of these MXenes in various fields such as electrochemical
energy storage systems such as batteries and supercapacitors, sen-
sors, catalysis, electronics, electromagnetic interference shielding,
fuel cells and so on.

4. Applications
4.1. Batteries

Most of the MXenes reported till date has found their impor-
tance as electrode materials in Li-ion batteries (LIBs). The work
reported by Naguib et al. opened doors for the use of MXene (Ti,C)
in LIBs [34]. Ti3C, intercalated with DMSO pose higher capacity
than that before intercalation. Intercalated Ti3C; exhibited a capac-
ity of 123.6 mAhg~! at arate of 1 C and an efficiency of about 47 %.
These values are higher than that of 2D Ti,C [94]. Kim et al. inves-
tigated the effect of high mass loading onto the electrodes for LIBs.
When Ti3C,Tx discs with a density of 2.52 gcm™ was used as an
anode for LIBs, an initial reversible areal capacity of 15 mAhcm™
was obtained, which later decreased to 5.9 mAhcm™2 after 50 cycles
but with the use of Nb, C as the electrode material, the initial capac-
ity of 16 mAhcm™ decreased to 6.7 mAhcm2 after 50 cycles. This
shows that the capacity observed in Nb,C is much better than that
seeninTi3C;Tx and this is due to the ease intercalation of Liions into
the thinner layers of M,C when compared to M3C, MXenes [95].
MXene composites such as MoS, /MXene, Ti3C,/Reduced Graphene
Oxide, Fe304/Ti3C, have also been widely researched as electrodes
for Li-ion batteries [96-98]. Zhu et al. investigated the structural
and energy storage properties of Li decorated Zr,C and Zr,CS,;
through DFT analysis. The diffusion barrier is reduced in Zr,CS,;
when compared to Zr,CO, while maintaining the same specific
capacity [99]. MXenes such as Zr,C, Zr3Cy, Zr,CO,, Zr3C;0,, TizC,
MXene/CNTcomposites were all proven to be suitable for Na ion
batteries [36,100,101].

4.2. Supercapacitors

With well defined geometry, large surface areas and layered
structures, MXenes have found to be potential candidates for a
myriad of applications. MXenes posses outstanding properties such
as extreme hardness, resistance to oxidation, hydrophilicity, capa-
bility to accommodate various intercalants, high melting point
and thermal conductivity [49,102]. The tiny amounts of energy
obtained from renewable sources such as solar and wind needs
to be converted into electrochemical energy and stored effectively.
Supercapacitor, the new generation electrochemical storage device
is devoted in effectively storing the tiny amounts of energy. In the
process of exploring new electrode materials for the construction
of supercapacitors, MXenes and their composites which pose the
above said properties are found to be suitable in storing energy
efficiently [140].

Lukatskaya et al. reported the effect of electrochemical inter-
calation of cations such as Na*, K*, NHs*, Mg2*, and AI3* on the
storage capabilities of Ti3C; MXene. Ti3C, MXene was placed in
various aqueous salt solutions to achieve spontaneous intercala-
tion of cations. With such intercalations, Ti3C; electrode exhibited
anincrease in capacitance of about 300 Fem~3. The obtained capac-
itance values were greater than that of porous carbon materials.
These results enabled researchers on focusing the use of MXenes in
supercapacitors [49]. Ti3C; is the widely researched MXene till date
and it is shown to exhibit pseudocapacitive nature [103]. Hu et al.
reported the fundamental mechanism happening in Ti3C,Tx with
acidic electrolytes. With the help of in situ Raman spectroscopy,
the charge/discharge processes happening in Ti3C,Tx electrodes in
different sulfate ion containing electrolytes (H,SO4, (NH4)>,SO4 and
MgSO4) were studied. It was observed that the hydronium in H,SO4
bonds or debonds with the oxygen atoms present on the surface of
Ti3C,Tx upon charging or discharging the pseudocapacitor in acidic
electrolyte. Whereas in (NH,4),SO4 and MgSO,4 EDLC was observed
[104].
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Ti3C,Tx loaded on silk derived carbon cloth was used as an
electrode material for the fabrication of flexible supercapacitors.
It exhibited an areal capacitance of 362 mFcm~2 with excellent
flexibility and cyclic stability [37]. MXene based supercapacitors
have all shown to poses excellent cyclic stability due to their strong
M—X bond and superior specific capacitance [69,70,84,105-109].
Dall’Agnese et al. reported the effect of chemically modified sur-
faces of Ti3 C; Tx MXenes with DMSO. The oxygen terminations onto
the surfaces aided in improving the specific capacitance of these
materials. When tested in H,SO4 acid electrolyte, Ti3C,Tx MXene
exhibited a capacitance of 415 Fcm~3 at 5 Ag~ ! with no signifi-
cant degradation happening upto 10,000 cycles. [110] Ghidiu et al.
reported the clay like Ti3C,Tx which could be molded into any
possible shape. Clay like paste was obtained which was rolled in
its wet form to obtain flexible films (Fig. 5). This eases the tech-
niques of intercalation, delamination and filtration. The film when
tested for its supercapacitor performance in H,SO4 exhibited a spe-
cific capacitance of 245 Fg! with no capacitance loss even after
10,000 cycles. The improved performance exhibited by the clay like
Ti3C, Tk rolled films was attributed to the smaller size of H* com-
pared to other cations and the accessibility to the interlayer space
due to the pre-intercalated water [50].

Lietal. reported an improved gravimetric capacitance of Ti3C; Tx
MXene compared toits previous reported value (245 Fg~1). By mod-
ifying the surface of MXene and by intercalating cations such as K*,
a higher density of 27.4 WhKg~! can be obtained making them
the most suitable candidate for supercapacitor electrodes. Ti3AlC,
powders were suspended in solutions of HF to remove Al forming
Ti3Cy. As a result of etching, -OH and -F groups were terminated

onto the MXene surfaces. Ti—F bond is unstable in basic solu-
tions; thus KOH was chosen to replace the -F terminated functional
groups with —OH groups. Basic salt treated MXene was calcined at
higher temperatures to modify the surface terminations and inter-
calate K* cations. The c-lattice parameter increases in such a case
thereby increasing the inter-layer distances. A gravimetric capaci-
tance of 517 Fg~! at a discharge rate of 1 Ag~! was obtained with a
capacitance retension of about 99 % after 10,000 cycles. The electro-
chemical performance of surface modified and cation intercalated
Ti3C; MXene is depicted in Fig. 9 [106].

4.2.1. MXene composites for supercapacitors

To further enhance the properties exhibited by MXenes and to
improve their capacitive properties, MXenes were made compos-
ites with various other materials. Materials such as metal oxides,
carbonaceous and polymers were made composites with MXenes.
Xu et al. reported the synthesis of MXene/graphene fibers using
the synergistic effect existing between liquid crystals of graphene
oxides and MXene sheets. The Ti3C, MXene/GO mixture was
injected through a nozzle into a coagulation bath containing DI
water and 5wt% CaCl,. Due to the coulombic force interlinking
the negative MXene sheets and GO layers, MXene/GO fibers were
obtained. These fibers were assembled into a two electrode device
and tested for its electrochemical properties. With 1 M sulfuric acid
as an electrolyte, a specific capacitance of 890.7 Fcm~3 at 10mV/s
was obtained. Flexible supercapacitor was constructed with a
PVA/H3PO4 gel solid state electrolyte and it exhibited a specific
capacitance of 586.4 Fcm~3 at 10mV/s. In addition to the electric
double layer surface adsorption happening due to the GO layers,
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Ti atoms involve in redox reactions accounting for pseudocapaci-
tance. Hence these composites exhibit improved electrochemical
behavior as shown in Fig. 10 [61].

MXene Ti3C;,/carbon fiber composite prepared through electro-
spinning technique exhibited excellent supercapacitive behavior
[71]. The few layered MXene flakes were dispersed in DMF mixed
with polyacrylonitrile and then loaded into a syringe as shown
in Fig. 11. Due to the difference in the voltage potentials applied
between the tip of the needle and the copper plate onto which the
fibers were collected, MXene/PAN composite fibers were derived.
These fibers were carbonized at high temperatures to obtain
MXene/carbon nanofibers. Fibers carbonized at 800 °C composite
with MXene exhibited a specific capacitance of 239 mFcm—2.

Wang et al. reported the use of liquid phase exfoliation method
to grow a 3D layer of nickel-aluminum layered double hydroxide
platelets (LDH) on the exfoliated MXene Ti3C,. The 3D LDH network
aids in establishing a fast pathway for ion movement and providing
alarge surface area for redox reactions. The conductive MXene sub-
strate helps in improving the electrical conductivity. MXene/LDH
composite exhibits a specific capacitance of 1061 Fg~! at a current
density of 1 Ag~! with capacitance retention of about 70 % after
4000 cycles. The electrochemical performance of the composite
electrode is shown in Fig. 12 [69].

An all-pseudocapacitive asymmetric device was fabricated by
combining titanium carbide MXene (Ti3C;Tx) as the negative
electrode and RuO, as the positive electrode. The asymmetric
device operated with a wide window of 1.5V, which is about
two times when compared to that of symmetric supercapacitors.
The asymmetric devices exhibited an excellent energy density of
37 wWhcem=2 at a power density of 40 mWcm~2 with excellent
capacitance retention. These results show that the traditional car-
bon based materials used as negative electrodes in asymmetric
supercapacitors can be replaced with MXenes [111]. Zhu et al.
demonstrated the use of polypyrrole (PPy)/ MXene composite as
supercapacitor electrodes. It is known that conducting polymers
suffer from poor mechanical stability and limited capacitance. The

practical applications of freestanding PPy films are thus greatly
affected. To overcome these disadvantages, PPy is made composites
with Ti3C; MXene by intercalating PPy into layered Ti3C; (I-Ti3Cy)
as shown in Fig. 13. Layered Ti3C, helps in preventing the stacking
of PPy and the bonds between the PPy and I-Ti3C, provide efficient
pathways for ion transport thereby providing good conductivity.
An increase in capacitance of about 30 % and capacitance retension
of 100 % was obtained after 20,000 cycles. The fabricated superca-
pacitor shows a capacitance of 35 mFcm—2 and good bending and
cycling performance [112].

Wen et al. reported the increase in the c lattice parameter of
Ti3C;Tx MXene sheets from 1.92 nm to 2.46 nm with the introduc-
tion of Nitrogen heteroatom in the MXene structure. MXenes were
treated in ammonia gas at varying temperatures of 200, 300, 500
and 700°C for 2 h in a tube furnace. N atoms replace the C atoms in
Ti3C, Tx thereby increasing the interlayer distances in the MXenes.
N-Ti3C,Tx MXenes had an increase of about 46 % in its gravimet-
ric capacitance compared to the undoped Ti3C,Tx. The composite
electrodes exhibited a specific capacitance of 192 Fg~! in 1 MH,S04
and 82 Fg~! in 1M MgSO4 electrolyte [113].

4.3. Catalyst

Noble metal such as platinum is widely used as catalyst in fuel
cells and many other reactions. There is a strong need to find a low
cost alternative to such a catalyst. MXenes are now being effec-
tively used as photo and electrocatalysts. In the work reported by
An et al, Ti3C, and Pt were used as co-catalysts to enhance the
photoactivity of g-C3N4 for H, production. Compared to the use of
pure Ti3C, or pure Pt as catalysts, the Ti3C,-Pt provided increased
activity. This increased activity was attributed to the functional
groups present onto the surface of the 2D sheets. The hydrogen
evolution rate with the use of such a dual co-catalyst was about
5.1mmol h-1g =1 [111]. MXenes such as Ti,C, V,C and Ti3C, have
oxygen and hydroxyl atoms onto their surface and such atoms
act as catalytic active sites for the hydrogen evolution. This phe-
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nomenon was demonstrated by Gao et al. through DFT calculations
[114]. Pan also predicted that, surface terminations are a critical
parameter to enhance the catalytic activity of MXenes. The perfor-
mance of hydrogen evolution depends on the composition, ability
for hydrogen absorption and the functional groups attached onto
the surface [115]. The hydrogen absorption energy will vary for dif-
ferent metals and the number of metal layers in the MXene, thus by
tuning the layers in the MXenes, the HER activity can be controlled
[116]. Reduction of CO, into hydrocarbons can help in reducing the
green house effect. From the wide computational and experimental
results available for Ti,CT,, it is known to possess extremely high
carrier mobility and appropriate bandgap useful for photocatalysis.
For the reduction of CO,, Ti,CO, was found to be the best catalyst
through DFT computations and this was again attributed to the sur-
face terminations onto the MXene [117]. Thus MXenes are mainly
used as catalysts for reduction of CO,, oxygen reduction reaction
(ORR), oxygen evolution reaction (OER) and hydrogen evolution
reaction (HER) [118].

4.4. Sensors

MXene acts as an adsorber for various gases and thus can be
effectively used in gas sensing applications. This was confirmed
through first principles simulations by Yu et al. wherein, different
gases like NHs3, Hy, Ny, CHy4, CO, CO,, NO, and O, were tested for
their adsorbance onto the surface of Ti; CO, monolayer. Among all
the gases, NH; chemisorbed on Ti,CO, with a charge transfer of
0.174 e. With the tuning of the applied strain on the MXene sheets,
adsoption or release of NH3 can be done [31]. High signal to noise
ratio can be obtained in solid-state Ti3C,Tx MXene gas sensors.
Highly sensitive sensors with a detection limit of 50—100 ppb for
volatile organic compounds was obtained. The hydroxyl group ter-
minated Ti3C; helps to strongly bind with analytes and the MXenes
itself possess high metallic conductivity leading to low noise
[119]. Nanoscale MXenes have also been explored for immobiliza-
tion of Hb proteins and fabrication of mediator-free biosensors.
These nano MXenes have enhanced surface area thereby pro-
viding more active sites for protein binding [30]. Rakhi et al.
fabricated an amperometric glucose biosensor which exhibited
stability, reproducibility and repeatability. These sensors were pro-
duced by immobilizing glucose oxidase (GOX) enzyme on Nafion
solubilized Au/MXene nanocomposite over glassy carbon electrode

(GCE) [120]. Ma et al. for the first time reported on fabrication of
flexible and sensitive piezoresistive sensor by tuning the interlayer
distances of MXene under an external pressure. These sensors were
used to monitor subtle human activities [121].

4.5. Environmental remediation

The effluents obtained from various industries such as electro-
plating, metal finishing, leather tanning and pigment industries
contain high amounts of toxic Cr (VI) ions. By the solvothermal alco-
holysis of MXene (Ti3C;) in FeCls solution, MXene derived urchin
like 2D TiO,-C/TiC nanomaterial was obtained. This nanomaterial
has a high Cr(VI)ion adsorption ability of 225 mg/g[122]. Compared
to multilayered Ti3C,Tx MXenes, delaminated Ti3C,Tx MXenes
exhibits higher and faster Cu adsorption when exposed to water
with copper metal ions as impurities. The delaminated TizC,Tx
MXenes have an adsorption capacity about 2.7 times greater than
the commercially used activated carbon. The hydrophilic nature
of MXene and the negatively charged surface functional groups
greatly influences the adsorption of Cu ions [123]. A similar phe-
nomenon was observed in the work reported by Peng et al., wherein
adsorption of lead took place due to the presence of hydroxyl
group on the surface of 2D titanium carbide [124]. 2D MXene-iron
oxide composite prepared by intercalating magnetic ferric oxide
into the layers of MXene was used in environmental remediation
to separate phosphate ions in water [125]. Many reports on the
use of MXene materials for environmental remediation, useful for
mankind can be found in literature [82,126,127].

4.6. Other applications

The unique 2D structures have found applications in every
possible field. Apart from the above said applications, MXenes
have been found useful in shielding the electromagnetic inter-
ferences [22,128-130], lubricants [131], transparent conductive
films [46,132,133], antibacterial activity [58,134,135], biomedical
[74,136,137] and electronics [138,139]. In all these applications,
MXenes have shown to outperform the existing conventional mate-
rials.
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5. Summary and outlook

To summarize, the recent trends in the synthesis of the 2D super
material MXenes is well discussed. Among the various available
MXenes, Ti3C, is the most explored MXene. A myraid of etchants
that are widely used for the etching of the A element from the
MAX phases leading to the formation of MXenes is also discussed.
The intercalation happening with the use of acid- salt mixtures
as etchants leading to simultaneous delamination in the absence
of a delaminating agent is well explained. Intercalation influences
the interlayer distance thereby increasing the c-lattice parameter,
which is important for energy storage devices. Aqueous solutions
of HF fail to produce nitride based MXenes due to their stability
constraints and their tendency to dissolve in HF. The composi-

tion and the functional groups attached onto the surface of MXene
plays a major role in determining its electronic, optical, mechanical
and magnetic properties. From DFT simulations, it was shown that
MXenes with no terminations exhibited magnetic properties, but
this is not experimentally proved yet. Thinner the layers of MXene,
easy is the intercalation of Li- ions in a Li-ion battery leading to
increased storage capacity. Thus mass loading onto the electrodes
of a battery has a direct effect on its capacity. Also, dopants increase
the capacity of the Li-ion battery. Various materials such as Ti3 C; Ty,
Ti,CTx, and V,CTx, have been investigated as electrode materi-
als for supercapacitors. Of these materials, Ti3C,Tx is the widely
reported electrode material. The intercalation/ deintercalation of
cations happening between the layers of MXene have a major con-
tribution in energy storage applications. MXene can effectively be
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from [112] copyright 2016, WILEY-VCH Verlag GmbH & Co.

used as the negative electrode in the asymmetric supercapacitors
thereby replacing activated carbon. The surface terminated func-
tional groups help in providing active sites for reactions and thus
MXene pose as better catalysts. With the use of MXene electrodes in
sensors, the S/Nratiois greatlyimproved and this is again attributed
to the presence of surface terminations. MXenes have found its use
in adsorbing various toxicities such as lead, chromium, copper that
exists in water. Many more exciting developments with the use of
MXenes are to be observed in future.

Many MAX phases have been theoretically proved to exist
through computations, but experimental evidence for such MAX
phases and the study of new MXenes from them is necessary. Till
date only two reports have been found on nitride based MXenes,
leaving it the less explored one. New routes for the experimental
synthesis of nitride based MXenes with different metals is to be
identified. Practical evidence pertaining to the electrical, thermo-
electrical and magnetic properties of MXenes is needed.
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