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Abstract. The sequence of 2D transition metal carbides, carbonitrides, and nitrides has gained a
lot of interest since the discovery of TisCa. About thirty new MXene compounds have been
identified, with eight different MXene synthesis methods. The presence of surface terminations
such as hydroxyl, oxygen, fluorine, or chlorine in the materials described thus far indicates strong
hydrophilicity as well as metallic conductivity MXenes are becoming increasingly popular due to
their diverse chemistry, which has sparked a surge in academic interest. We will study and
examine the many methods of fabricating MXenes in this review, which will cover everything from
MAX phase etching to exfoliation, as well as the best approach to synthesise them and their most

current applications.

1 Introduction to 2-D materials

Crystallized solids having a thickness of a few atoms or
fewer are known as two-dimensional materials. The
discovery of graphene, the most well-known two-
dimensional (2D) substance, has sparked a renewed
interest in two-dimensional (2D) materials among
scientists.l'There are numerous 2D materials available,
each with its own set of characteristics. 2D transition
metal dichalcogenides (e.g. MoS;, MoSe;, WS,),
hexagonal boron nitride, metal oxides, black phosphorus
(BP), silicene (2D  silicon), MXenes (2D
carbides/nitrides), borophene (2D boron), and
germanene (2D boron) are some of these (2D
germanium) 21, 2D materials can have diverse optical
characteristics, based on their chemical compositions as
well as structural configurations (for example. MXenes,
graphene, NbSe, etc), semi metallic behaviour (for
example.PtSe,, TiS,), semiconducting (for example.
MoS,, WSe, , metal oxides). 2D materials may be
metallic (e.gn, graphene, NbSe, etc.) or even super-
conducting (e.g. moisture 2), (e.g. moisture 2), (e.g.
MoS,, WSe2), (hexagonal boron nitride), (e.g. NbS2)
and feature varying optical characteristics based on their
chemical compositions as well as structural
configurations.l'"!5} MXenes has different features,
which provide exciting avenues for 2D materials and

* Corresponding author email: kamal.e8281@cumail.in

promote applications in various fields of research such
as opto-electronic devices that allow the building of
light-emitting appliances in the sensor (chemicals or
biologics), catalysing, photovoltaics, spintronics,
sensing and energy storage.['®?3] Assembling multiple
2D materials into one layer vertically produces new
artificial materials termed vanderwaal heterostructuring
linked by interactions between van der waals. The
attributes of each individual may be combined to
generate optoelectronic devices with tailored properties
by carefully checking the sheet order in the
heterostructures.?*?8] The fabrication of light-emitting
electroluminescent appliances and photodetectors for
optical image sensors and 2D transistor materials based
on flexible computer parts is therefore possible.[2*-3!]
.The combination of these distinct electrical and optical
components based on heterostructures from Vanderwaal
has amazing potential to produce new flexible electronic
devices which could transform existing technology The
successful application of 2D materials was driven by
control of the growth of 2D materials' size, crystallinity
and thickness.

2 Development of MXenes:

Recently, the material science professors Naguub et al
& Yuri Gogotsi from Drexel University successfully
synthesised a new 2D series of materials containing,
mainly, Carbonitrides (Mn+1(C,N),) and nitrides

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(http://creativecommons.org/licenses/by/4.0/).



E3S Web of Conferences 309, 01062 (2021)
ICMED 2021

https://doi.org/10.1051/e3sconf/202130901062

(Mn+1Ny) are early transition metal carbides (Mu+1Cn)
and carbonitrides (Mx1(C,N),).?) MXene is a generic
formulation M,+; X, Tx, where M is a transitions metal in
its earliest state (for example: Sc, Ti, V, Cr, Zr, Hf, Nb,
Ta, etc.), X is carbon or nitrogen & Tx stands for
terminals (for the -OH,-O,-F) and has a close-floated
hexagonal structure. ¢! MXene also can contain more
than one metal transition (M) and this structure is
available in two form (1). In the ordered phase, a single-
caper or one two-cap of one transition (M) metal (for
example, (Mo,Ti)C, & (TixTa2)Cs) type MXenes
contains more than two transition metals) is fitted
between other transition metals. For a solid solution, two
separate transitional metal elements in the M-layers will
be randomly distributed (e.g., (Ti, Nb)4Cs3) . These 2D
materials offer a vast range of graphene-like organisms
that can be found in three, five or seven nuclear layer-
thick combinations. In 2011, Ti;C,Tx was the main
disclosure for MXene and is usually conductive. To date
19 MXene have been synthesised by a selective
extraction of A element using fluorine-containing
etchants made of bulk ternary combinations called the
MAX stage, with distinct transition metal or mixed
transition metal surfaces MAX phases belong in
particular to a family of solids possessing layer
hexagonal structures with symmetry of P63 / mm, and
their chemical formula is M+1AX,, where M = Sc., Ti.,
V, Zr., Hf,, etc. (early transition, metals), N = 1-3, 37-41]
Of the several MXenes, the most extensively utilised
MXenes are Ti3C,Ty and Ti2CTx % In contrast to other
2D materials, MXenes have strong conductivity,
chemical stability, and hydrophilicity. MXenes exhibits
a wide variety of uses, including energy storage,
triboelectric, diaphragm membranes, optoelectronics,
power absorption, catalysis, wireless communication,
biosensors, and photothermal therapy. By changing their
surfactures, the conductivity of MXenes is regulated.[**
65 Superficial endings like hydroxy, fluorine and oxygen
are mainly inserted during MXene synthesis, and predict
functional properties, like catalytic performance,
magnetism, Li-ion capacity, mechanical properties, to
predict superconductivity, when the metal is controlled
by insulating transition and subsidising.l>7! These
anticipate experimental reinforcement effects of
impairments.  Intercalation also impacts MXene's
conductivity. Intercalants do not alter the inherent
properties of the MXene, although intercalation of
MXene in multi-layer samples can raise resistance of the
device by a range of size. %3 this, effect deserves the
intercalating effect of increased spacing and interflake
resistance. Mn+1Xn chemistry & intercalation contributes
to its electronic conductivity in multi-layered samples of
MXene surface endings. The circumvolution of this
phenomenon  substantially complicates MXene's
experimental understanding. Therefore, there is no
understanding and control of MXene We perform an
electrical bias of MXenes in situ (up to 775°C) and
within TEM in order to meet this problem. The in-situ
spectroscopy of energy loss was detected for de-
intercalation. We also employ the spectroscopy for low
dosage direct electron detection to avoid electron beams
that damage the sample. 4% This technique may aid us
in the correlation with MXene conductivity between the

defunctionality of terminal species such as —F, -OH &
=0. The key purpose of the review is to construct 2D
transition layers of metallic carbides, carbonitrides and
nitrides i.e. MXenes by various ways [*¢]

2.1 Synthesis of MXenes

MXenes can be produced through etchings of A-layers
from the layered precursors from MAX phases (MAX
phase powders). MAX is a huge category of ternary
nitrides and carbides (up to 70 MAX phases reported
until now).B*' MAX phases consist mostly of nitrides
of metal or of metal carbides of transition (M, +1Xy) that
are interwoven mostly with layers of A atoms (A =
Groups 13 and 14 are the elements that make up this
element). Due to the M-A bond's metallic character, it is
exceedingly difficult to separate MXenes A-layers by
cutting the MAX phases. In contrast to the powerful M-
X bonds these M-A bonds are chemically active, making
it possible to expel the A laying particularly. A-players
& terminations with terminal species, such as — O, — OH,
and — F P11 are selectively grafted with Etching's
MAX phase. Acidic solution is used to grade the A-
layers selectively from MAX phases for the production
of MXenes or utilising aq. HF ¥ or through either in
situ HF formations, through the HCL & LiF reaction [*1.
In the MAX phase, alone Al has been effectively grafted
into MXenes despite the many diverse A components,
particularly of group 13 and 14. MXenes from non
MAX-phase precursors also can be produced. Mo,CTy
was first produced by grafting Ga layers of Mo0,Ga,C,
utilising these precursors.’®¥1 This phase, i.e. the non-
MAX stage, has two layers of A elements which
separate the carbide layers. The Zr;C,Ty, which is
produced from aluminium carbide gravure selectively
from Zr;Al;Cs, was another MXene prepared for these
phases. Each layer of metal is divided by a C layer for
non-MAX phases. This divides M>C or M3C; layers into
Al-C layers rather than element layers.[99- 100]

2.2 Synthesis of MAX phases:

The MXE precursors i.e. the MAX phases can be
synthesised through a variety of methods, e.g. chemical
vapour deposition (CVD) by combustion at different
temperatures,!'°!) high temperature self propagering
synthesis (HTS), plasma spark sintering, molten salt or
isostatic hot pressure reaction or mechanical alloying,
which can speed the A-layer removal. However,
relatively few studies were presented on the method of
powdered synthetization of MAX stages. In many
circumstances, the initial A-layer concentration is little
greater than the stoichiometric concentration to prevent
binary carbide development of the metal transition{'%>
106l MAX is mainly manufactured utilising titanium,
aluminium, titanium carbide and activated c-powders,
the powder which is taken into account. (1! In order to
achieve MAX powder, precursors should be used to get
appropriate molar values for the MAX phase in the
correct molar concentration. Then, for at least 24 hours
these precursors are made of ball in alcohol. The 100-
mesh screen is sifted in vacuum mixed powder. Then,
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MAX particles can flow through the Ar(g) at 300 C/min
for 15-60 min at the ultimate temperature of 1200-1500
degree Celsius .Samples of 5-1000 g can be made with
this process. This method can be utilised also for the
preparation of bulk MAX stages. The final temperature,
the synthesised weight and the holding duration will
have no effect on the purity. MAX-phase powders can
be exfoliated thereafter by immersing them in HF at
room temperature. In HF concentration, the solution can
vary from 10 to 50 percent wt. by time.['%!'%The solid
MAX phase can be synthesised at a low cost using
pressure less sintering. Some researchers are using this
technique to sell the MAX stage without pressure
support for sintering applications such as hot pressing
and hot isostatic pressing .['''! To exfoliate MXenes
production, selective etching of A-atoms from the MAX
phase employing HF as a graft is well handled . Not only
has HF been used as an etchant for exfoliation, but also
LiF + HCl and NH;HF,. 112-114]

2.3 Etching of MAX phase

To make MXene synthesis the MAX stage is employed
with the etching of strong fluoride ion-containing
grading solutions such ammonium bi, hydrofluoric acid
or a fluoride ion combination. Machine exfoliation
methods are extremely difficult to utilise with the strong
M-A metal bonds in the MAX phase. The M-X bond is
amix of covalent or ionic characteristics and so selective
gravure of the atomic layers is better than the MAX
phase. As etchant, fluoride-containing acids are often
employed. MAX phase powders are then mixed at room
temperature with aqueous HF acid for a certain duration.
As a result, selective grading of A-layer ensures the
MX-layer metal bonds are exchanged through surface
endings such as hydroxyl fluoride and oxygen on
MXene surface. The resultant solution is then
centrifuged and filtered following this etching
procedure, to extract the supernatant chased by
deionized H»O, until the pH of the mixture is kept within
the 4 - 6 range. This means the acquisition of FL-
MXene. A MXene with less than 5 layers is considered
to be a small amount of layer.['!>-117]

The fundamental reactions take place The "MA" bond
grading is given below in the MAX phase:

MuiAXn+3HF —p My Xa T AF;+1.5H, (1)
MunXn +2H0 —>Mn+1Xn(OH)2 + H> (2)
My Xy +2HF —» M XoF2 + Ha 3)

Mn+1Xn continues to interact with H>O (rexn 2), then
with HF (rxn 3), after etching A layer (rxn 1), and
subsequently forms a surface that includes the
functional group OH, F, O and H. The fluorine-
containing acid solution such as NH HF, + (LiF/HCI)
mixture is also utilised by similar processes to produce
the same usual outcome. In 2014, Ghidiu and colleagues
showed that a LIF/HCI mix that interacts in situ to
produce HF can also be utilised to graze the parent using
this equation.

LiF + HCl —» HF + LiCl

Even yet, with traces of HF in the etched solution, their
methods were less harmful. To avoid the use of HF in
different ways, (1) electrochemical synthesis in
NH4CI/N(CH3)s + OH electrolyte at ambient
temperature was proposed; (2) hydrothermal synthesis
in aqueous NaOH solution at ambient temperature (3)
HCI electrochemical synthesis.!!'812!1 The process for
obtaining MXenes should be both safe and quick to
develop. Most MXenes are produced by chemical
etching of MAX phases, which takes up to 8 hours of
time, high temperatures (always 35°C), and high HF
levels, according to previous research . A technology
should be devised for producing MXenes that is safe and
quick. Electro chemical grafting is less hazardous, and
MXenes can even be generated at room temperature out
of all of the grafting procedures listed above. In a less
hazardous NH4HF, solution at ambient temperatures
with different voltages MXenes (Ti3C>) can be produced
by electrochemical etching of the TizAlC, sheet.l'?”]
MXenes usually demand strong grafting solutions
and/or longer grafting times, with a greater atomic
number. For instance, n=3 Mo,Ti,AlC; took longer
etching time, twice its Mo, Ti2AC, counterpart under the
same circumstances and n=2. MXenes may be generated
under a variety of etching circumstances, resulting in
MXenes with distinct surface chemistry 23], as shown
in the table below:

Method Etchant Temp. (°C] Refre
nces
HF HF Room 124
method H,O,+ HF temp. to 5§ 125
40
Acid with | HCI + LiF 35-55 125
flourine HCI+(Na,K,orNH4F){30-60 126
NH4HF» RT 127
Molten LiF+NaF+KF 550 128
salts NaOH 270 129
Hydrother | NaBF4, HCI1 180 130
-mal NH4Cl/TMAOH RT 131
Electroche NH4HF, 30-60 132
mical
Lewis ZnCl, 550 133
Acid

Table 1: Different type of etching methods used to
obtain MXenes.

Even at high temperatures, MXenes were also
synthesised. During 2016, this technique synthesis was
utilised to create the first nitride base MXene in which
the 59% potassium fluoride fluoride melting mixture
was used, 29% lithium fluoride and 12% sodiums in an
inert atmosphere such as Ar(g) at 550°C, which grazed
the Al-layer in TisAIN; (MAX phase polder).l34
Another technique to make nitride MXene is to
undertake an ammonia treatment at 550°C starting from
carbide using NH3(g). This was a successful surgery
Mo,NT, and V,NT, respectively of Mo,CT, and V,CT,
Alkaline based, etc., conditions in an autoclave are
severe i.e. 27.5M of sodium hydroxide, which makes it
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difficult to escalate. The process of molten salt utilised
for producing TisN; alone requires relatively low
temperatures (550°C). The electrochemical procedure
that reports a return of roughly 90 % is thus the most
liberal approach to obtaining huge quantities of MXene
made by the Yang & colleague. [130]

2.4 Exfoliation of MAX phases:

The A-layers that have disintegrated are replaced by
different endings (ionic, organic species) following the
etching of MAX powders, resulting in a multi-layered
material consisting of M+ XyT,. The method of
exfoliation used depends on the conditions for etching.
MXene sheets, for example, accommodate ions of Li*
that intersperse between layers to increase the interlayer
distance and also aid the exfoliation of fluorine
(HCV/HF) by sonifying or just shaking solution. If HF is
employed as a grafting material but only through the
contact between the layers of exfoliation is feasible
organic species that increases the distance between the
layers and weakens the connections of the links.
Incorporation between the laying configurations of ions
or molecules in materials with Transition metal
dichalcogenides like MoS2 have weak Interactions
between hydrogen and van der Waals. The exfoliation
process frequently depends on the nature of the chemical
MXene. [138

2.5 Overall synthesis of MXenes

In HF etching, the first step is stacked MAX stages. The
surface terminations O, F, and/or OH are substituted
(M2XT,) after the grading of the M>AX atomic layers.
The multilayer exfoliation in single 2D flakes is possible
through intercalation, organic compounds. Following
the exfoliation process, MXene colloidal suspensions
can be treated in a variety of ways in water: spin coating,
Spraying , vacuum filtration ['3%]

3 Conclusion

MXenes were produced in the past 8 years by the
etching & exfoliation of layered precursors i.e MAX
phases which forms a large family of 2-Dimensional
materials. The synthesis of new MAX phases(more
layered ternary metal carbides & nitrides) can lead to the
formation of new 2D-MXenes with different
compositions. Non-terminated MXenes can be
incorporated by the bottom up methods such as
Chemical vapor deposition (CVD), physical vapor
deposition (PVD). For instanace, MXenes obtained by
CVD method contains no terminal (Tx) groups & hence
shows excellent conductivity. Although, max of the
MXene samples have been synthesized by the top down
approach. But there are very few attempts in growing
the monolayers of MXene by bottom-up approach, so
amount of work have to be done in this region. A major
challenge which scholars faced in this research is the
storage capacity of MXene dispersions in aq. medium.
Presently, to give them longer a longer life those

dispersions have been stored in subzero temperatures.
However this type of solution is not possible in the real
practice. Thus for storing MXenes solution &
preventing them from oxidation , new & better
techniques need to be explored. Also applications of
MZXene such as super capacitors, hydrogen storage,
desalination, batteries etc. are still in their initial stages
, thus devoted work needs to be done to its applications
both industrially as well as in research. Out of all the
synthesis methods discussed, electrochemical method is
far more elegant than others because in this method
NH4HF?2 aq. solution has been used as the etchant which
is less harmful, so in the low F-solution MXenes can be
obtained rapidly at the room temperature. However,
basic understanding of synthesis of MXene & its scale
up is required if MXenes have to be utilized
commercially. All these challenges needs to be
optimized in time.

References:

1.M. Zhao, Y. Wang, Q. Ma, Y. Huang, X. Zhang, J.
Ping, Z. Zhang, Q. Lu, Y. Yu, H. Xu, Y. Zhao, and H.
Zhang, Adv. Mater. 27, 7372 (2015)

2.S. K. Mahatha, K. D. Patel, and K. S. R. Menon, J.
Phys. Condens. Matter 24, 475504 (2012)

3. W. Sik Hwang, M. Remskar, R. Yan, V. Protasenko,
K. Tahy, S. Doo Chae, P. Zhao, A. Konar, H. (Grace)
Xing, A. Seabaugh, and D. Jena, Appl. Phys. Lett.
101, 013107 (2012)

4.P. Vogt, P. De Padova, C. Quaresima, J. Avila, E.
Frantzeskakis, M. C. Asensio, A. Resta, B. Ealet, and
G. Le Lay, Phys. Rev. Lett. 108, 155501 (2012)

5.A. Pakdel, C. Zhi, Y. Bando, and D. Golberg, Mater.
Today 15, 256 (2012)

6.Z. Ni, Q. Liu, K. Tang, J. Zheng, J. Zhou, R. Qin, Z.
Gao, D. Yu, and J. Lu, Nano Lett. 12, 113 (2012)

7.L. Song, L. Balicas, D. J. Mowbray, R. B. Capaz, K.
Storr, L. Ci, D. Jariwala, S. Kurth, S. G. Louie, A.
Rubio, and P. M. Ajayan, Phys. Rev. B Condens.
Matter 86, 075429 (2012)

8.L. Ci, L. Song, C. Jin, D. Jariwala, D. Wu, Y. Li, A.
Srivastava, Z. F. Wang, K. Storr, L. Balicas, F. Liu,
and P. M. Ajayan, Nat. Mater. 9, 430 (2010)

9.Z. Liu, L. Song, S. Zhao, J. Huang, L. Ma, J. Zhang,
J. Lou, and P. M. Ajayan, Nano Lett. 11,2032 (2011)

10. A. G. Kelly, T. Hallam, C. Backes, A. Harvey, A.
S. Esmaeily, 1. Godwin, J. Coelho, V. Nicolosi, J.
Lauth, A. Kulkarni, S. Kinge, L. D. A. Siebbeles, G.
S. Duesberg, and J. N. Coleman, Science 356, 69
(2017)

11. B. Liu, M. Kopf, A. N. Abbas, X. Wang, Q. Guo,
Y. Jia, F. Xia, R. Weihrich, F. Bachhuber, F.
Pielnhofer, H. Wang, R. Dhall, S. B. Cronin, M. Ge,
X. Fang, T. Nilges, and C. Zhou, Adv. Mater. 27,
4423 (2015)

12. M. Naguib, V. N. Mochalin, M. W. Barsoum, and
Y. Gogotsi, Adv. Mater. 26, 992 (2014)



E3S Web of Conferences 309, 01062 (2021)
ICMED 2021

https://doi.org/10.1051/e3sconf/202130901062

13. M. R. Lukatskaya, O. Mashtalir, C. E. Ren, Y.
Dall’Agnese, P. Rozier, P. L. Taberna, M. Naguib, P.
Simon, M. W. Barsoum, and Y. Gogotsi, Science 341,
1502 (2013)

14. L.Li, Y. Yu G.J. Ye, Q. Ge, X. Ou, H. Wu, D.
Feng, X. H. Chen, and Y. Zhang, Nat. Nanotechnol.
9,372 (2014)

15. Q. H. Wang, K. Kalantar-Zadeh, A. Kis, J. N.
Coleman, and M. S. Strano, Nat. Nanotechnol. 7, 699
(2012)

16. F. H. L. Koppens, T. Mueller, P. Avouris, A. C.
Ferrari, M. S. Vitiello, and M. Polini, Nat.
Nanotechnol. 9, 780 (2014)

17. K. Kalantar-zadeh and J. Z. Ou, ACS Sens. 1, 5
(2016)

18. M. Wang, L. Cai, Y. Wang, F. Zhou, K. Xu, X.
Tao, and Y. Chai, J. Am. Chem. Soc. 139, 4144
(2017)

19. M.-L. Tsai, S.-H. Su, J.-K. Chang, D.-S. Tsai, C.-
H. Chen, C.-I. Wu, L.-J. Li, L.-J. Chen, and J.-H. He,
ACS Nano 8, 8317 (2014)

20. Y. Xie, Y. Liu, Y. Zhao, Y. H. Tsang, S. P. Lau,
H. Huang, and Y. Chai, J. Mater. Chem. A Mater.
Energy Sustain. 2, 9142 (2014)

21. Q. H. Wang, K. Kalantar-Zadeh, A. Kis, J. N.
Coleman, and M. S. Strano, Nat. Nanotechnol. 7, 699
(2012)

22. M. Chhowalla, H. S. Shin, G. Eda, L.-J. Li, K. P.
Loh, and H. Zhang, Nat. Chem. 5, 263 (2013)

23. C.N. R. Rao, H. S. S. R. Matte, and U. Maitra,
Angew. Chem. Int. Ed Engl. 52, 13162 (2013)

24. A.K. Geim and I. V. Grigorieva, Nature 499, 419
(2013)

25. A. Azizi, S. Eichfeld, G. Geschwind, K. Zhang, B.
Jiang, D. Mukherjee, L. Hossain, A. F. Piasecki, B.
Kabius, J. A. Robinson, and N. Alem, ACS Nano 9,
4882 (2015)

26. C.-H. Lee, G.-H. Lee, A. M. van der Zande, W.
Chen, Y. Li, M. Han, X. Cui, G. Arefe, C. Nuckolls,
T. F. Heinz, J. Guo, J. Hone, and P. Kim, Nat.
Nanotechnol. 9, 676 (2014)

27. H. Fang, C. Battaglia, C. Carraro, S. Nemsak, B.
Ozdol, J. S. Kang, H. A. Bechtel, S. B. Desai, F.
Kronast, A. A. Unal, G. Conti, C. Conlon, G. K.
Palsson, M. C. Martin, A. M. Minor, C. S. Fadley, E.
Yablonovitch, R. Maboudian, and A. Javey, Proc.
Natl. Acad. Sci. U. S. A. 111, 6198 (2014)

28.M. K. Jana and C. N. R. Rao, Philos. Trans. A Math.
Phys. Eng. Sci. 374, (2016)

29.N. Huo, J. Kang, Z. Wei, S.-S. Li, J. Li, and S.-H. Wei,
Adv. Funct. Mater. 24, 7025 (2014)

30.F. H. L. Koppens, T. Mueller, P. Avouris, A. C.
Ferrari, M. S. Vitiello, and M. Polini, Nat.
Nanotechnol. 9, 780 (2014)

31.M.-H. Doan, Y. Jin, S. Adhikari, S. Lee, J. Zhao, S.
C.Lim, and Y. H. Lee, ACS Nano 11, 3832 (2017)

32.Y. Liu, N. O. Weiss, X. Duan, H.-C. Cheng, Y.
Huang, and X. Duan, Nature Reviews Materials 1, 1
(2016)

33.L. Britnell, R. V. Gorbachev, R. Jalil, B. D. Belle, F.
Schedin, A. Mishchenko, T. Georgiou, M. 1L
Katsnelson, L. Eaves, S. V. Morozov, N. M. R. Peres,

J. Leist, A. K. Geim, K. S. Novoselov, and L. A.
Ponomarenko, Science 335, 947 (2012)

34.Z. Lin, Y. Zhao, C. Zhou, R. Zhong, X. Wang, Y. H.
Tsang, and Y. Chai, Sci. Rep. 5, 18596 (2015)

35.M. Naguib, O. Mashtalir, J. Carle, V. Presser, J. Lu,
L. Hultman, Y. Gogotsi, and M. W. Barsoum, ACS
Nano 6, 1322 (2012)

36.N. K. Chaudhari, H. Jin, B. Kim, D. S. Baek, S. H.
Joo, and K. Lee, J. Mater. Chem. A Mater. Energy
Sustain. 5, 24564 (2017)

37.M. Khazaei, M. Arai, T. Sasaki, C.-Y. Chung, N. S.
Venkataramanan, M. Estili, Y. Sakka, and Y.
Kawazoe, Adv. Funct. Mater. 23, 2185 (2013)

38.B. Anasori, Y. Xie, M. Beidaghi, J. Lu, B. C. Hosler,
L. Hultman, P. R. C. Kent, Y. Gogotsi, and M. W.
Barsoum, ACS Nano 9, 9507 (2015)

39.M. Kurtoglu, M. Naguib, Y. Gogotsi, and M. W.
Barsoum, MRS Communications 2, 133 (2012)

40.M. Khazaei, M. Arai, T. Sasaki, M. Estili, and Y.
Sakka, Phys. Chem. Chem. Phys. 16, 7841 (2014)

41.M. Alhabeb, K. Maleski, B. Anasori, P. Lelyukh, L.
Clark, S. Sin, and Y. Gogotsi, Chem. Mater. 29, 7633
(2017)

42.M. Naguib, M. Kurtoglu, V. Presser, J. Lu, J. Niu, M.
Heon, L. Hultman, Y. Gogotsi, and M. W. Barsoum,
Adv. Mater. 23, 4248 (2011)

43.C.J. Zhang, B. Anasori, A. Seral-Ascaso, S.-H. Park,
N. McEvoy, A. Shmeliov, G. S. Duesberg, J. N.
Coleman, Y. Gogotsi, and V. Nicolosi, Adv. Mater.
29, 1702678 (2017)

44 .M. Naguib, O. Mashtalir, J. Carle, V. Presser, J. Lu,
L. Hultman, Y. Gogotsi, and M. W. Barsoum, ACS
Nano 6, 1322 (2012)

45.M. Ashton, K. Mathew, R. G. Hennig, and S. B.
Sinnott, J. Phys. Chem. C 120, 3550 (2016)

46.C. J. Zhang, S. Pinilla, N. McEvoy, C. P. Cullen, B.
Anasori, E. Long, S.-H. Park, A. Seral-Ascaso, A.
Shmeliov, D. Krishnan, C. Morant, X. Liu, G. S.
Duesberg, Y. Gogotsi, and V. Nicolosi, Chem. Mater.
29, 4848 (2017)

47.J. Luo, X. Tao, J. Zhang, Y. Xia, H. Huang, L. Zhang,
Y. Gan, C. Liang, and W. Zhang, ACS Nano 10, 2491
(2016)

48.M. R. Lukatskaya, S. Kota, Z. Lin, M.-Q. Zhao, N.
Shpigel, M. D. Levi, J. Halim, P.-L. Taberna, M. W.
Barsoum, P. Simon, and Y. Gogotsi, Nature Energy 2,
1(2017)

49.M. Ghidiu, M. R. Lukatskaya, M.-Q. Zhao, Y.
Gogotsi, and M. W. Barsoum, Nature 516, 78 (2014)

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

51.Q. Jiang, C. Wu, Z. Wang, A. C. Wang, J.-H. He, Z.
L. Wang, and H. N. Alshareef, Nano Energy 45, 266
(2018)

52.W. Lian, Y. Mai, C. Liu, L. Zhang, S. Li, and X. Jie,
Ceram. Int. 44, 20154 (2018)

53.K. Hantanasirisakul, M. Zhao, P. Urbankowski, J.
Halim, B. Anasori, S. Kota, C. E. Ren, M. W.
Barsoum, and Y. Gogotsi, Adv. Electron. Mater. 2,
1600050 (2016)



E3S Web of Conferences 309, 01062 (2021)
ICMED 2021

https://doi.org/10.1051/e3sconf/202130901062

54.A. D. Dillon, M. J. Ghidiu, A. L. Krick, J. Griggs, S.
J. May, Y. Gogotsi, M. W. Barsoum, and A. T.
Fafarman, Adv. Funct. Mater. 26, 4162 (2016)

55.G. Ying, A. D. Dillon, A. T. Fafarman, and M. W.
Barsoum, Materials Research Letters 5, 391 (2017)
56.J. Halim, M. R. Lukatskaya, K. M. Cook, J. Lu, C. R.
Smith, L.-A. Nislund, S. J. May, L. Hultman, Y.
Gogotsi, P. Eklund, and M. W. Barsoum, Chem.

Mater. 26, 2374 (2014)

57.F. Shahzad, M. Alhabeb, C. B. Hatter, B. Anasori, S.
M. Hong, C. M. Koo, and Y. Gogotsi, Science 353,
1137 (2016)

58.J. Liu, H.-B. Zhang, R. Sun, Y. Liu, Z. Liu, A. Zhou,
and Z.-Z. Yu, Adv. Mater. 29, (2017)

59.G. Gao, A. P. O’Mullane, and A. Du, ACS Catal. 7,
494 (2017)

60.J. Ran, G. Gao, F.-T. Li, T.-Y. Ma, A. Du, and S.-Z.
Qiao, Nat. Commun. 8, 13907 (2017)

61.H. Pan, Sci. Rep. 6, (2016)

62.A. Sarycheva, A. Polemi, Y. Liu, K. Dandekar, B.
Anasori, and Y. Gogotsi, Sci Adv 4, eaau0920 (2018)

63.P. He, M.-S. Cao, W.-Q. Cao, and J. Yuan,
Nanomicro Lett 13, 115 (2021)

64.S.J. Kim, H.-J. Koh, C. E. Ren, O. Kwon, K. Maleski,
S.-Y. Cho, B. Anasori, C.-K. Kim, Y.-K. Choi, J.
Kim, Y. Gogotsi, and H.-T. Jung, ACS Nano 12, 986
(2018)

65.X. Li, Y. Bai, X. Shi, N. Su, G. Nie, R. Zhang, H. Nie,
and L. Ye, Materials Advances 2, 1570 (2021)

66.L. Dong, H. Kumar, B. Anasori, Y. Gogotsi, and V.
B. Shenoy, J. Phys. Chem. Lett. 8, 422 (2017)

67.B. Anasori, C. Shi, E. J. Moon, Y. Xie, C. A. Voigt,
P. R. C. Kent, S. J. May, S. J. L. Billinge, M. W.
Barsoum, and Y. Gogotsi, Nanoscale Horiz. 1, 227
(2016)

68.G. Gao, A. P. O’Mullane, and A. Du, ACS Catal. 7,
494 (2017)

69.A. D. Handoko, K. D. Fredrickson, B. Anasori, K. W.
Convey, L. R. Johnson, Y. Gogotsi, A. Vojvodic, and
Z. W. Seh, ACS Appl. Energy Mater. 1, 173 (2018)

70.M. Khazaei, A. Ranjbar, M. Arai, T. Sasaki, and S.
Yunoki, J. Mater. Chem. 5, 2488 (2017)

71.J. Liu, W. Peng, Y. Li, F. Zhang, and X. Fan, Trans.
Tianjin Univ. 26, 149 (2020)

72.Q. Tang, Z. Zhou, and P. Shen, J. Am. Chem. Soc.
134, 16909 (2012)

73. Y. Lee, Y. Hwang, and Y.-C. Chung, ACS Appl.
Mater. Interfaces 7, 7163 (2015)

74. Y.Bai, K. Zhou, N. Srikanth, J. H. L. Pang, X. He,
and R. Wang, RSC Adv. 6, 35731 (2016)

75. J. Lei, A. Kutana, and B. 1. Yakobson, J. Mater.
Chem. 5, 3438 (2017)

76. F. M. Romer, U. Wiedwald, T. Strusch, J. Halim,
E. Mayerberger, M. W. Barsoum, and M. Farle, RSC
Adv. 7, 13097 (2017)

77. S.Lai, J. Jeon, S. K. Jang, J. Xu, Y. J. Choi, J.-H.
Park, E. Hwang, and S. Lee, Nanoscale 7, 19390
(2015)

78. A. Lipatov, A. Goad, M. J. Loes, N. S. Vorobeva,
J. Abourahma, Y. Gogotsi, and A. Sinitskii, Matter 4,
1413 (2021)

79. J. Halim, S. Kota, M. R. Lukatskaya, M. Naguib,
M.-Q. Zhao, E. J. Moon, J. Pitock, J. Nanda, S. J.

May, Y. Gogotsi, and M. W. Barsoum, Adv. Funct.
Mater. 26, 3118 (2016)

80. J. Halim, E. J. Moon, P. Eklund, J. Rosen, M. W.
Barsoum, and T. Ouisse, Phys. Rev. B Condens.
Matter 98, 104202 (2018)

81. E.S.Muckley, M. Naguib, H.-W. Wang, L. Vlcek,
N. C. Osti, R. L. Sacci, X. Sang, R. R. Unocic, Y. Xie,
M. Tyagi, E. Mamontov, K. L. Page, P. R. C. Kent, J.
Nanda, and I. N. Ivanov, ACS Nano 11, 11118 (2017)

82. M. Ghidiu, S. Kota, J. Halim, A. W. Sherwood, N.
Nedfors, J. Rosen, V. N. Mochalin, and M. W.
Barsoum, Chem. Mater. 29, 1099 (2017)

83. H. Kim, B. Anasori, Y. Gogotsi, and H. N.
Alshareef, Chem. Mater. 29, 6472 (2017)

84. J. L. Hart, A. C. Lang, A. C. Leff, P. Longo, C.
Trevor, R. D. Twesten, and M. L. Taheri, Sci. Rep. 7,
8243 (2017)

85. X. Sang, Y. Xie, D. E. Yilmaz, R. Lotfi, M.
Alhabeb, A. Ostadhossein, B. Anasori, W. Sun, X. Li,
K. Xiao, P.R. C. Kent, A. C. T. van Duin, Y. Gogotsi,
and R. R. Unocic, Nat. Commun. 9, 2266 (2018)

86. Y. Cao, C. Guo, and Y. Zou, Mater. Sci. Technol.
35, 1904 (2019)

87. D. Er, J. Li, M. Naguib, Y. Gogotsi, and V. B.
Shenoy, ACS Appl. Mater. Interfaces 6, 11173 (2014)

88. M. W. Barsoum, MAX phases: properties of
machinable ternary carbides and nitrides. John Wiley
& Sons, 2013.

89. B. Anasori, M. Dahlqvist, J. Halim, E. J. Moon, J.
Lu, B. C. Hosler, E. N. Caspi, S. J. May, L. Hultman,
P. Eklund, J. Rosén, and M. W. Barsoum, J. Appl.
Phys. 118, 094304 (2015)

90. M. W. Barsoum and M. Radovic, Annu. Rev.
Mater. Res. 41, 195 (2011)

91. A. Cepellotti, G. Fugallo, L. Paulatto, M. Lazzeri,
F. Mauri, and N. Marzari, Nat. Commun. 6, 6400
(2015)

92. D. Akinwande, N. Petrone, and J. Hone, Nat.
Commun. 5, 1 (2014)

93. M. Khazaei, A. Ranjbar, M. Ghorbani-Asl, M.
Arai, T. Sasaki, Y. Liang, and S. Yunoki, Phys. Rev.
B Condens. Matter 93, 205125 (2016)

94. R. Meshkian, L.-A. Nislund, J. Halim, J. Lu, M.
W. Barsoum, and J. Rosen, Scr. Mater. 108, 147
(2015)

95. J. Zhou, X. Zha, F. Y. Chen, Q. Ye, P. Eklund, S.
Du, and Q. Huang, Angew. Chem. Int. Ed Engl. 55,
5008 (2016)

96. J. Wang, Y. Zhou, T. Liao, and Z. Lin, J. Mater.
Res. 22, 2685 (2007)

97. Z.J.Lin,L.F.He, M. S.Li,J. Y. Wang, and Y. C.
Zhou, J. Mater. Res. 22, 3058 (2007)

98. X. Yin, K. Chen, H. Zhou, and X. Ning, J. Am.
Ceram. Soc. 93, 2182 (2010)

99. 1. I Ivanova, A. N. Demidik, M. V. Karpets, L. L.
Kopylova, N. A. Krylova, A. P. Polyshko, and S. A.
Firstov, Powder Metal. Metal Ceram. 51, 437 (2012)

100. N. F. Gao, Y. Miyamoto, and D. Zhang, J. Mater.
Sci. 34, 4385 (1999)

101. S.-B. Li and H.-X. Zhai, J. Am. Ceram. Soc. 88,
2092 (2005)

102. A. Dash, R. VaBlen, O. Guillon, and J. Gonzalez-
Julian, Nat. Mater. 18, 465 (2019)



E3S Web of Conferences 309, 01062 (2021)
ICMED 2021

https://doi.org/10.1051/e3sconf/202130901062

103. J. Michael, Z. Qifeng, and W. Danling,
Nanomaterials and Nanotechnology 9,
1847980418824470 (2019)

104. M. Naguib, O. Mashtalir, J. Carle, V. Presser, J.
Lu, L. Hultman, Y. Gogotsi, and M. W. Barsoum,
ACS Nano 6, 1322 (2012)

105. A.Feng, Y. Yu, Y. Wang, F. Jiang, Y. Yu, L. Mi,
and L. Song, Mater. Des. 114, 161 (2017)

106. K. Wang, Y. Zhou, W. Xu, D. Huang, Z. Wang,
and M. Hong, Ceram. Int. 42, 8419 (2016)

107. 1. L. Meng, Advances in Science and Technology
of Mn+ 1AXn phases. (2012) Woodhead Publishing.

108. J. Li, Y. Du, C. Huo, S. Wang, and C. Cui, Ceram.
Int. 41, 2631 (2015)

109. H. Xu, X. Yin, X. Li, M. Li, L. Zhang, and L.
Cheng, Funct. Compos. Struct. 1, 015002 (2019)

110. K. Maleski, V. N. Mochalin, and Y. Gogotsi,
Chem. Mater. 29, 1632 (2017)

111. B. Anasori, and Y. Gogotsi. 2D Metal Carbides
and Nitrides (MXenes). Springer International, (2019)

112. P. Urbankowski, B. Anasori, T. Makaryan, D. Er,
S. Kota, P. L. Walsh, M. Zhao, V. B. Shenoy, M. W.
Barsoum, and Y. Gogotsi, Nanoscale 8, 11385 (2016)

113. W. Sun, S. A. Shah, Y. Chen, Z. Tan, H. Gao, T.
Habib, M. Radovic, and M. J. Green, J. Mater. Chem.
A Mater. Energy Sustain. 5, 21663 (2017)

114. J. Yang, W. Bao, P. Jaumaux, S. Zhang, C. Wang,
and G. Wang, Adv. Mater. Interfaces 6, 1802004
(2019)

115. A.Feng, Y. Yu, F. Jiang, Y. Wang, L. Mi, Y. Yu,
and L. Song, Ceram. Int. 8, 6322 (2017)

116. L. Verger, C. Xu, V. Natu, H.-M. Cheng, W. Ren,
and M. W. Barsoum, Curr. Opin. Solid State Mater.
Sci. 23, 149 (2019)

117. M. Alhabeb, K. Maleski, T. S. Mathis, A.
Sarycheva, C. B. Hatter, S. Uzun, A. Levitt, and Y.
Gogotsi, Angew. Chem. Int. Ed Engl. 57, 5444 (2018)

118. M.-Q. Zhao, M. Sedran, Z. Ling, M. R.
Lukatskaya, O. Mashtalir, M. Ghidiu, B. Dyatkin, D.
J. Tallman, T. Djenizian, M. W. Barsoum, and Y.
Gogotsi, Angew. Chem. Int. Ed Engl. 54, 4810 (2015)

119. F. Liu, A. Zhou, J. Chen, J. Jia, W. Zhou, L. Wang,
and Q. Hu, Appl. Surf. Sci. 416, 781 (2017)

120. L. H. Karlsson, J. Birch, J. Halim, M. W. Barsoum,
and P. O. A. Persson, Nano Lett. 15, 4955 (2015)

121. P. Urbankowski, B. Anasori, T. Makaryan, D. Er,
S. Kota, P. L. Walsh, M. Zhao, V. B. Shenoy, M. W.
Barsoum, and Y. Gogotsi, Nanoscale 8, 11385 (2016)

122. T.Li, L. Yao, Q. Liu, J. Gu, R. Luo, J. Li, X. Yan,
W. Wang, P. Liu, B. Chen, W. Zhang, W. Abbas, R.
Naz, and D. Zhang, Angew. Chem. Int. Ed Engl. 57,
6115 (2018)

123. C. Peng, P. Wei, X. Chen, Y. Zhang, F. Zhu, Y.
Cao, H. Wang, H. Yu, and F. Peng, Ceram. Int. 44,
18886 (2018)

124. S. Yang, P. Zhang, F. Wang, A. G. Ricciardulli,
M. R. Lohe, P. W. M. Blom, and X. Feng, Angew.
Chem. Weinheim Bergstr. Ger. 130, 15717 (2018)

125. W. Sun, S. A. Shah, Y. Chen, Z. Tan, H. Gao, T.
Habib, M. Radovic, and M. J. Green, J. Mater. Chem.
A Mater. Energy Sustain. 5, 21663 (2017)

126. J. Yan, C. E. Ren, K. Maleski, C. B. Hatter, B.
Anasori, P. Urbankowski, A. Sarycheva, and Y.
Gogotsi, Adv. Funct. Mater. 27, 1701264 (2017)

127. P. Urbankowski, B. Anasori, K. Hantanasirisakul,
L. Yang, L. Zhang, B. Haines, S. J. May, S. J. L.
Billinge, and Y. Gogotsi, Nanoscale 9, 17722 (2017)

128. O. Mashtalir, M. Naguib, V. N. Mochalin, Y.
Dall’Agnese, M. Heon, M. W. Barsoum, and Y.
Gogotsi, Nat. Commun. 4, 1 (2013)

129. L. Verger, V. Natu, M. Carey, and M. W.
Barsoum, TRECHEM 1, 656 (2019)

130. C.J. Zhang, M. P. Kremer, A. Seral-Ascaso, S.-H.
Park, N. McEvoy, B. Anasori, Y. Gogotsi, and V.
Nicolosi, Adv. Funct. Mater. 28, 1705506 (2018)

131. K. Chaudhuri, M. Alhabeb, Z. Wang, V. M.
Shalacv, Y. Gogotsi, and A. Boltasseva, ACS
Photonics 5, 1115 (2018)

132. Y. Dong, S. Chertopalov, K. Maleski, B. Anasori,
L. Hu, S. Bhattacharya, A. M. Rao, Y. Gogotsi, V. N.
Mochalin, and R. Podila, Adv. Mater. 30, 1705714
(2018)

133. S. J. Kim, H.-J. Koh, C. E. Ren, O. Kwon, K.
Maleski, S.-Y. Cho, B. Anasori, C.-K. Kim, Y.-K.
Choi, J. Kim, Y. Gogotsi, and H.-T. Jung, ACS Nano
12, 986 (2018)

134. X. Xie, K. Kretschmer, B. Anasori, B. Sun, G.
Wang, and Y. Gogotsi, ACS Appl. Nano Mater. 1,
505 (2018)

135. X. Xie, K. Kretschmer, B. Anasori, B. Sun, G.
Wang, and Y. Gogotsi, ACS Appl. Nano Mater. 1,
505 (2018)

136. N. Kurra, M. Alhabeb, K. Maleski, C.-H. Wang,
H. N. Alshareef, and Y. Gogotsi, ACS Energy Lett. 3,
2094 (2018)

137. S. Seyedin, E. R. S. Yanza, and J. M. Razal, J.
Mater. Chem. A Mater. Energy Sustain. 5, 24076
(2017)

138. M. Hu, T. Hu, R. Cheng, J. Yang, C. Cui, C.
Zhang, and X. Wang, J. Mater. Chem. A Mater.
Energy Sustain. 27, 161 (2018)



