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BACKGROUND: Appreciation of the fact that
synthesis of two-dimensional (2D) materials
does not necessarily require van der Waals
bonded layered precursors led to discovery of
many new materials, including MXenes—2D
carbides and nitrides of transition metals, pro-
duced by selective etching of strongly bonded
layered solids. TisC, was first reported in 2011
and set the stage for synthesis of Ti,C, Ta,Cs,
and other MXenes from their MAX phase pre-
cursors, demonstrating three types of possible
structures (M,X, M3X,, and M, X3). M;C, was
later produced, further increasing the struc-
tural diversity and bringing the number of
theoretically possible compositions to more
than 100, including those with in-plane and
out-of-plane ordering of the metal atoms. Con-

sidering various surface terminations of MXenes,
the number of distinct compositions increases
by another order of magnitude. The ability of
MXenes to form carbonitrides and solid solu-
tions suggests a potentially infinite number of
compositions and opens a new era of computa-
tionally driven atomistic design of 2D materials.

ADVANCES: MXenes add a large number of
building blocks, mainly metallic conductors,
to the family of 2D materials, most of which
are dielectrics, semiconductors, or semimetals.
By using tunable properties of MXenes, one
can build devices ranging from transistors to
supercapacitors, batteries, antennas, and sen-
sors from 2D nanosheets by using additive
manufacturing or other coating and process-
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Structure and applications of 2D carbides and nitrides (MXenes). The large number of MXene compositions
having structures with three, five, seven, or nine atomic layers containing one or two kinds of metal atoms and
various surface terminations (=F, =0, -Cl, -Br, etc.) have shown promising optoelectronic, mechanical, and
electrochemical properties. They have found use in a wide range of applications ranging from energy storage
and harvesting to catalysis, water purification and desalination, electromagnetic interference shielding,
communication, optics, electronics, plasmonics, sensors, actuators, composites, and medicine.
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ing techniques. MXenes have already shown a
variety of electronic, optical, chemical, and
mechanical properties, and the concept of
MZXetronics (all-MXene optoelectronics) has
been proposed. High electronic conductivity
allows their use in current collectors, inter-
connects, and conductive inks. MXenes pos-
sess electrochemically and chemically tunable
plasmonic properties, with interband transi-
tions and plasmon resonance peaks covering
the entire ultraviolet, visible, and near-infrared
range, which allow their electrochromic and
photothermal therapy applications. Their strong
interaction with electromagnetic waves from
terahertz to gigahertz frequencies is used in
electromagnetic interference shielding and
communication. Redox activity of transition
metal atoms on the MXene surface enables
electrochemical energy storage in batteries
and supercapacitors as well as electrocatalysis.
Controlled spacing between the 2D sheets is
used for separation of gases, water purification,
and dialysis. The surface charge of MXenes
allows aqueous processing without surfactants
or binders as well as formation of liquid crys-
tals. Organic molecules, polymers, and ions can
be intercalated between MXene layers, allow-
ing properties tuning and multilayer assem-
blies. Nontoxic and environmentally friendly
titanium-based MXenes, built of abundant ele-
ments, and their hybrids and composites with
polymers, ceramics, and metals are particularly
attracting considerable attention.

OUTLOOK: While progress has been made on
the preparation of carbide MXenes, synthesis
of nitrides is trailing behind. Vapor phase syn-
thesis is needed for integration of MXenes on
chips using current microfabrication device
technology. Large-scale, environmentally friend-
ly synthesis methods are the key to wide use
of MXenes in future additive manufacturing
technologies. Precise control of the structure
and surface chemistry, including defects and
strain engineering, should pave the way to
theoretically predicted intrinsically semicon-
ducting, topologically insulating, and ferro-
magnetic MXenes as well as other discoveries
in MXene physics and chemistry. Mechanical-
ly strong, environmentally stable, and highly
conductive MXenes may have a major impact
on flexible, printable, and wearable self-powered
electronics. However, the use of MXenes in
combination with other 2D materials to build
heterostructures and devices by self-assembly
from solution is perhaps the most exciting
prospect. m
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A decade after the first report, the family of two-dimensional (2D) carbides and nitrides (MXenes)
includes structures with three, five, seven, or nine layers of atoms in an ordered or solid solution form.
Dozens of MXene compositions have been produced, resulting in MXenes with mixed surface
terminations. MXenes have shown useful and tunable electronic, optical, mechanical, and electrochemical
properties, leading to applications ranging from optoelectronics, electromagnetic interference shielding,
and wireless antennas to energy storage, catalysis, sensing, and medicine. Here we present a
forward-looking review of the field of MXenes. We discuss the challenges to be addressed and outline
research directions that will deepen the fundamental understanding of the properties of MXenes

and enable their hybridization with other 2D materials in various emerging technologies.

Xenes are a large family of two-

dimensional (2D) metal carbides and

nitrides having a structure consist-

ing of two or more layers of transi-

tion metal (M) atoms packed into a
honeycomb-like 2D lattice that are intervened
by carbon and/or nitrogen layers (X atoms)
occupying the octahedral sites between the
adjacent transition metal layers (Z, 2). MXenes
are produced through a top-down synthesis
approach, where typically A-layer atoms (e.g.,
Al, Si, Ga) are selectively removed from the
structure of MAX phases, a group of layered,
hexagonal-structure ternary carbides and ni-
trides (3), leaving behind loosely stacked MX
layers [called “MXene” to emphasize their 2D
nature (2)], which can be further separated into
single-layer flakes (Fig. 1).

TizC,T, was made by selective etching of
monoatomic Al layers from the Ti;AlIC, MAX
phase precursor in hydrofluoric (HF) acid
(I). High metallic conductivity, hydrophilic-
ity, and the ability to intercalate cations and
store charge, demonstrated by TisC, T, (4, 5)
and other MXenes (6, 7), initially led to inter-
est in exploring MXenes for energy storage
applications. The year 2017 was the beginning
of the MXenes “gold rush.” Since then, the
world of 2D carbides and nitrides has been
growing at an unprecedented rate. There are
currently more than 30 different experimen-
tally made stoichiometric MXenes and more
than a hundred (not considering surface ter-
minations) theoretically predicted MXenes
(8-10) with distinct electronic, physical, and
(electro)chemical properties. In addition, solid
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solutions on M and X sides are possible, and
the possibility of having multiple single (O,
Cl, F, S, etc.) or mixed (O/OH/F) surface ter-
minations makes MXenes a large and diverse
family of 2D materials.

The variety of MXene structures and com-
positions (Fig. 1) makes it necessary to define a
terminology for MXenes. The general formula
of MXenes is M,,,,X,,T,, where M represents
the transition metal site, X represents carbon
or nitrogen sites, 7 can vary from 1 to 4, and T,
(where @ is variable) indicates surface termi-
nations on the surface of the outer transition
metal layers (8, 1I). As an example, the chem-
ical formula of a titanium carbide MXene with
two layers of transition metal (n» = 1) and ran-
dom terminations would be Ti,CT,, and a com-
pletely oxygen- or chlorine-terminated Ti,CT,
can be written as Ti,CO, or Ti,CCl,, respec-
tively. If there are two randomly distributed
transition metals occupying M sites in the
MZXene structure forming a solid solution, the
formula will be written as (M',M"),,,1X,,T,,
where M’ and M" are two different metals [e.g,,
(Ti,V),CT,)]. For a specific metal composi-
tion, the concentration of each element is given
in decimal numbers [e.g., (TipgV034)2CTo]. If
the two metals have in-plane ordering and
form alternating chains of M’ and M" atoms
within the same M layer, the resulting MXene
structure is called --MXene. All --MXenes known
to date have a formula of (M'3M"5,3)XT,, where
the concentration of each element is given as
a fractional number. In most -MXenes, the
M" atoms can be selectively etched, creating
ordered vacancies and producing an --MXene
with a formula of M',/3XT,, previously referred
to as M'; 33XT,. M’ and M" atoms can also be
located in separate atomic planes having an
out-of-plane ordering, called o-MXenes, in
which M" atoms constitute the inner metal
layers, and M’ atoms are placed in the outer
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layers. o-MXenes are so far known by two
formulas, M',M")X,T, and (M',M")X5T,. In
addition, all MXenes can either be produced
in the form of multilayer particles (/m/-MXene)
or delaminated (d-MXene) single-layer flakes.

Structure and composition of MXenes

Figure 1 schematically shows the known struc-
tures of MXenes. Similar to the basal planes in
the MAX phases, MXenes have a hexagonal
close-packed (hcp) crystal structure with a P65/
mmec space group symmetry, where the tran-
sition metals in the M sites are close-packed,
and the X atoms occupy the octahedral sites in
between the M atomic planes (11). MXenes
with Ti, V, Nb, Mo, Cr, Zr, Hf, Sc, Ta, W, and Y
in the M site have been reported. Note that
Cr, Sc, W, or Y have only been reported as com-
ponents of 0-MXenes or -MXenes, along with
other metals mentioned above.

At least 26 different o-MXenes have been the-
oretically predicted (72), among which Mo, TiC, T,
Mo,ScC,T,, CroTiC,T,, and Mo, Ti,CsT,, have al-
ready been experimentally reported (13, 14).
The ideal 0o-MXene composition has a ratio of
M’ to M"” of 2:1 or 2:2, originating from the
corresponding ratios of different metal lattice
sites in the MXene structure. --MXenes, on the
other hand, are favored only when the ratio of
M’ to M" is 2:1 and the size difference between
M" and M’ is at least 0.2 A (15, 16). This require-
ment originates from the hexagonal atomic
arrangement within the M layer, in which the
M’ atoms form a honeycomb lattice and the M”
atoms occupy the hexagon centers and extend
out from the M layers (toward the A-layer posi-
tions in their parent -MAX phase) (75). Such
atomic arrangement gives -MAX phases a mono-
clinic (C2/c) or orthorhombic (C2/m or Cmcm)
structure, inherited by -MXenes (16, 17). So
far, 32 different --MAX phases have been syn-
thesized (12, 18). However, both A and M" ele-
ments are simultaneously etched away from
most -MAX phases (I8). For example, using
HF, both Al and Sc or Y were selectively removed
from (W/38¢;,3),A1C and (Wo5Yy/3),AIC, resulting
in Wy 35CT,, t-MXene with ordered divacancies
(19). This behavior originates from a weaker
bonding of M” elements to the carbon sites, as
evidenced by their outward displacement from
the M plane (20). These structural character-
istics also allow the concept of targeted etching,
where tuned synthesis conditions can facilitate
removal of either A alone or both the A and M”
elements from the -MAX phase, as shown for
M04/3Y2/3AIC (20).

The X sites can be occupied by carbon, nitro-
gen, or both (ZI). Research on nitride MXenes
has been limited, with the exception of mi-
Ti,NT,, and mi-TiyNsT,, (21-23), as the synthesis
of nitride MXenes presents a challenge. In car-
bonitride MXenes, it is believed that the C and
N atoms occupy the octahedral sites randomly,
independent of carbonitride stoichiometry (8).
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Fig. 1. Schematic illustration of the MXene structures. 2D MXenes have a general formula of M,.1X, T,
where M is an early transition metal, X is carbon and/or nitrogen, and T, represents surface terminations
of the outer metal layers. The n value in the formula can vary from 1 to 4, depending on the number of
transition metal layers (and carbon and/or nitrogen layers) present in the structure of MXenes, for example,
Ti,CT, (n = 1), TizCoT, (n = 2), NbsCsT, (n = 3), and (Mo,V)sC4T, (n = 4). In contrast to all previously
known MXenes, the recently discovered MosVC4T, solid solution MXene with five M layers shows twinning
in the M layers (146). The M sites of MXenes can be occupied by one or more transition metal atoms, forming
solid solutions or ordered structures. The ordered double transition metal MXenes exist as in-plane
ordered structures [i-MXenes, e.g., (Mo,/3Y1,3).CT,]; in-plane vacancy structures (e.g., W»,3CT,); and out-of-
plane ordered structures (o-MXenes), where either one layer of M" transition metal is sandwiched between
two layers of M’ transition metal (e.g., Mo, TiC,T,) or two layers of M" transition metals are sandwiched
between two layers of M’ transition metals (e.g., Mo,Ti,C3T,). Other arrangements, such as one or three
layers of M" sandwiched between the layers of M' (bottom row) in the MgX,4 structure, may be possible.
Faded images at the bottom of the figure represent predicted structures such as high-entropy MXenes and
higher-order single M or o-MXenes that have yet to be experimentally verified.

However, further investigations are required
to provide a better understanding of the ar-
rangement of X site atoms in these MXenes.
In bulk carbides and nitrides of transition me-
tals, oxygen can substitute for either C or N in
the lattice, forming oxycarbides or oxynitrides,
respectively. The possibility of such substitu-
tion in MXenes should be investigated.

The surface of MXenes (Fig. 2A) is covered
with single or mixed terminations (T = O, OH,
NH, F, Cl, Br, S, Se, Te), depending on the syn-
thesis process used and MXene composition
(8, 24). These terminations can be altered or
completely removed by postprocessing (24, 25),
and this has a profound effect on properties.

VahidMohammadi et al., Science 372, eabf1581 (2021)

Synthesis of MXenes in fluorine- and chlorine-
containing acidic solutions results in MXenes
with mixed surface terminations where the com-
position of T,, (surface groups) in the MXene
formula can be described as (OH),,,0,F,Cl,
(25-27). Nuclear magnetic resonance (NMR),
elastic neutron scattering, x-ray photoelectron
spectroscopy (XPS), and scanning transmis-
sion electron microscopy (STEM) techniques
along with density functional theory (DFT)
predictions have suggested a random dis-
tribution for F, OH, and O with a varying ratio,
depending on the synthesis method, where F
and O terminations usually dominate over
OH groups in the dry state (26, 28-30). The T
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atoms can reside at the surface in different
positions relative to M and X atoms. The
most energetically favorable and thermody-
namically stable site for these moieties is on
the surface of M,C, M5C,, and M,C; layers,
centered above the transition metal atoms of
the atomic plane beneath the outer layer [face-
centered cubic (fee) site] (28, 3I). Functional
groups can also arrange on the surface in a
way that they reside on top of the X atoms
(hep sites). Although there is competition at
room temperature between different groups
to reside in the preferred thermodynamically
stable sites, STEM studies have shown that F
atoms are the ones occupying the fecc sites,
whereas O atoms can reside at both sites (28).
The composition and coordination of MXenes’
terminations can be modified through thermal
processing and vacuum annealing (28, 32, 33).
For example, the surface of TisC, T, and TisCNT,,
MXenes can be completely defluorinated at tem-
peratures above 550°C (28, 32, 33).

The structure of MXenes produced using
aqueous etchants contains two types of inter-
calated (structural) water, physisorbed and
chemisorbed. The physisorbed water can be
removed at temperatures below 200°C, while
the monolayer of chemisorbed water with hy-
drogen bonding to the surface may still remain
intercalated in the MXene (33, 34), requiring
vacuum annealing at temperatures reaching
500°C for removal (25, 34).

Cl-terminated multilayer MXenes (M,,,:X,,Cl,)
can be produced by etching in Lewis acids form-
ing CuCl, or CdCl, salt melts (24, 35, 36). Bro-
mides, such as CdBr,, can be used instead of
CdCl, to achieve Br terminations (24). These
uniform halogen terminations (specifically Br)
at the surface of MXenes can be removed to
produce a collapsed 3D structure, where there
is substantial interlayer interaction between
the MXene sheets, similar to electrides (37).
These terminations can also be exchanged
with other functional groups through subse-
quent surface reactions, further expanding
the range of MXene compositions. For exam-
ple, heating of TizC,Br, to 300°C in the pres-
ence of LiH removed surface terminations
and produced multilayer TizC, (24). Similarly,
MZXenes with Se, Te, S, NH, and O termina-
tions have been produced (24). Rietveld refine-
ment, extended x-ray absorption fine structure
(EXAFS), and pair distribution function (PDF)
analyses have shown that the structure of
MZXenes slightly changes depending on the
type of uniform surface terminations, resulting
in in-plane compressive or tensile strain (24,).

Theory and experimental demonstration
of MXene properties
Electronic properties

The physical and (electro)chemical properties
of MXenes are dependent on their composi-
tion and structure as well as their surface and

2 of 14

1202 ‘L Ainp uo /610" Bewsdusios aousios//:diy wol papeojumo(


http://science.sciencemag.org/

RESEARCH | REVIEW

Electronic
A Change in the surface chemistry B s Mo,TiC,0, = %E::“" Mo.Ti,.C.0,
Mixed terminati 10 mw
minations : Bare or uniform 8 3 N\%«vv\—/:/ 0 t/w
= A § : e S N oy Wm\"«“h
5 1 2ol
g Energy (eV) Energy (eV)
[<} —
S c > 150 ™ — TisC0,
=) y © i ; :
o = 3 1 . ; — 100 [ ! —-= Ti3C2(OH),
5 5 ¢ © r@d €« @ _ﬁlk?ln cations @ o s ! - TizCZFz‘jﬁx\
>S®| 0 - o il T I - . o 1= 1 Y
&0 3, -f . S s [ o Large organic a L/l s ; -2 v
oy e N R molecules L 2 -
c .=
@2
£ D <
£ o
S : s
© - - ©
6 i i Solid solution g
Single metal tion metal s
i tructure of M site and type of transitio! . x
Change inthe s d structure of X site ]
Change in the type an =

[]

v [ )
Nb,CT, Nb,C.T, V,CT, v Mo, CT, Mo,TiC,T, " o,Ti,C,T, 3 Ta,C,T,
T —=
- Re 9 TedNe
o { ?
- ‘ - / -

H Energy (eV)
25 1.2 0.8 0.6 0.5

- 100 L
£ 10k Mo, CT, —Ti,CT, ——V,CT, MOZCT)\/,_—-——-—-A\
g ——Nb,CT, —Ti,C,T, Mo,TiC,T, Vo TioT
& ——Nb,C,T,—Ta,C,T, —Mo,Ti,C,T,| _ 801 R
5 x x x S
Q X
3 L
[}
S S 60
5 8 Mo,Ti,C,T,
5 s
i 8 40
B ©
g =
T
g 20
S
=z
0 T T T 0 - r r T
200 400 600 800 1000 500 1000 1500 2000 2500
Wavelength (nm) Wavelength (nm)
Mechanical
I 600 Blad ted film —> J K 12 1.00£0.1
ade-coated Tiim —, —_ . .00£0.
(~940 nm) Fracture a_u 101 EYoung of 2D Materials 0.87
T 450 i S il
% : . W oogl Reported
?2, : % S’ . MXenes 0.491
g 300 : 3 Lond 3 _§ 0.6 - ::196 £0.139
. ! = = 033 4002
2 1 e 0.4 026 027  £003 _ 1
2 150 ! -3, ’ 0176 £002 *0.03
i Filtered film ; S 0101 0.007
(~1.2 pm) ' ° 0.2+ £0.019
P s N >
006 —————— s 16 24 a2 10 0 10 20 30 40 007
7 - 2] O o1 o1 A+ A+ & v @
F*E F o ¢S & &
Strain (%) Deflection (nm) NN NN «\?W .Q(,’% © & < N
< ~ o

Fig. 2. Electronic, optical, and mechanical properties of MXenes. (A) Schematic

illustration of different compositional and structural factors determining

electronic and optical properties of MXenes. (B) Total DOS for Mo,TiC,0, and

Mo,Ti,C30,, showing the effect of MXene structure (40). (C) DOS of Ti3C,,

Ti3Co0,, TizCo(0OH),, and TizC,F,, showing the effect of surface chemistry on

electronic properties of MXenes (44). (D) Dependence of the work function
of MXenes on their surface chemistry (45). (E) The color of colloidal solutions of
various MXenes and their corresponding freestanding films (54). (F) Digital
photographs of three M',.,M",CT, solid solution systems, showing the change in
optical properties and color of freestanding MXene films due to a gradual

change in the stoichiometry (55). (G) UV-vis-NIR optical extinction properties

VahidMohammadi et al., Science 372, eabf1581 (2021) 11 June 2021

of aqueous dispersions of various 2D transition metal carbides (54). (H) UV-vis-
NIR transmittance spectra from 300 to 2500 nm for MXene thin films (54).
() Tensile stress versus strain curves of TisC,T, films with different thickness
produced by vacuum-assisted filtration and blade coating (60). (J) Force-
deflection curves of a bilayer TisC,T, flake at different loads. The lower inset
is a detailed view of the same curves showing the center of origin. The top
inset shows an AFM image of a punctured flake with no sign of catastrophic
rupture (61). (K) Comparison of the effective Young’'s moduli of single-

layer TisC,T, and Nb,C3T, with other 2D materials tested in similar nano-
indentation experiments (62). [(B) to (K) adapted with permission from

(40, 44, 45, 54, 55, 60-62)]
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interlayer chemistry (Fig. 2A). The electron
transport behavior of most MXenes is similar
to metals, with resistivity decreasing linearly
with temperature (2 > 0) (38, 39). However,
altering the transition metal type and the
structure of the M site of MXenes can result
in a negative temperature dependence of re-
sistivity (22 < 0) and, therefore, MXenes with
semiconductor-like behavior (32, 40). Exam-
ples of the latter include Mo,CT,, Nb,CT,, and
V,CT,, (21, 41). Moreover, while TizC,T, has
metallic conductivity, Mo,TiC,T,, 0-MXene in
which the outer Ti layers of Ti;C,T,, are sub-
stituted with Mo shows semiconductor-like
behavior (40). Figure 2B shows an example
of a change in the density of states (DOS) of
MZXenes by changing the M-site structure.
Tuning the M site of 0-MXenes by varying
the outer-layer transition metals (M") has been
predicted to enable MXenes with attractive
magnetic properties, primarily of antiferro-
magnetic character (42). Ferromagnetism has
been predicted for o-MXenes with Mn in the
middle layer and Mn nitrides (42). A magnetic
glass transition in Cr,TiC,T, was reported at
around 30 to 35 K (43). Theoretical predic-
tions continue to provide guidance for potential
structures and compositions. For example, in
some simulated o-MXenes, the central M" layers
are non-spin-polarized, but the M’ layers at the
surface are under octahedral crystal forcefields,
resulting in band splitting in their 3d orbitals
and, therefore, a net spin moment defining the
magnetic order of the o-MXene (42).

All MXenes without surface terminations are
predicted to be metallic conductors in which
the free electrons of transition metals act as
carriers (24, 39). However, surface termina-
tions can change the DOS and shift the Fermi
level, making them electronically tunable,
unlike conventional metals (Fig. 2C) (44). For
some MXenes other than Ti;C,T,, bandgap
opening and a change from metallic to semi-
conducting behavior has been predicted, as
well as a large variation in their work func-
tions (Fig. 2D) (39, 45). Superconductivity has
been observed in Nb,CT,, (T,, = Se, S, or NH),
whereas nonterminated or O-terminated mul-
tilayer Nb,C did not show a superconducting
transition (24). MXene surface terminations
also affect their thermal transport and ther-
moelectric properties (46). The intercalants,
which are often used for delamination, also
affect the electronic properties of multilayers
and films (32). The intercalation of large or-
ganic cations, such as tetrabutylammonium
(TBA"), between MXene flakes results in a
large interlayer spacing (47, 48), which hinders
interflake electron hopping, making the produced
films less conductive. In contrast, intercalated
alkali cations tend to preserve a small inter-
layer distance and high conductivity of MXenes
(49, 50). Deintercalation of water and TBA*
from Mo, TiC,T, and TisCNT, MXenes resulted

VahidMohammadi et al., Science 372, eabf1581 (2021)

in a transition from ensemble semiconducting
(a negative dR/dT) to a metallic behavior (32).
The flake size, stoichiometry, surface chem-
istry, and point defects (mostly vacancies in the
M and C sublattices either inherited from the
precursor or induced by etching) also affect
the physical properties of MXenes and their
chemical stability (57). Larger TizC,T, flakes
with fewer defects show better intraflake elec-
tron transport and chemical stability, and their
conductivity can reach 20,000 S ecm™ (52).

Optical properties

MZXenes show longitudinal and transversal sur-
face plasmon modes in the visible and near-
infrared (vis-NIR) range, where transversal
plasmons are shown to be independent of the
flake’s lateral dimension (38, 53). They also
show strong absorption in the ultraviolet (UV)
range owing to interband transitions. The
optical properties of MXenes are dependent
on the type and structure of the M and X sites
as well as the stoichiometry of surface termina-
tions. Different MXenes have plasmonic peaks
spanning the entire vis-NIR spectrum region
(54, 55) and plasmonic colors in transmission
(colloidal solution or thin film) and reflection
(solid-state multilayer films), as shown in Fig. 2,
E and F (38). Generally, by decreasing the n
value of MXenes, the prominent excitation
peaks in their optical spectra shift to higher
energies (54). For example, Ti;C,T, MXene
has an emerald green color in transmission and
a purple color in reflection, with a character-
istic absorbance peak centered at 1.6 eV [wave-
length (L) of ~770 nm] (54), whereas V,CT,
has a greenish blue color in transmission and
a brownish gold color in reflection, with no
absorption peak in the ultraviolet-vis-NIR (UV-
vis-NIR) spectrum region (Fig. 2, G and H). The
direct current conductivity to optical conduc-
tivity figure of merit for transparent TisC,T,
thin films has been reported to reach a value
of 15, which is superior to that of graphene and
carbon nanotubes (56), owing to the lower
sheet resistance (~201 ohms per square) of
Ti3C,T, thin films with optical transmittance
of ~87%. V,CT, has shown an even higher
figure of merit (57). In solid solution MXenes,
a change in the M'":M" ratio results in different
plasmonic colors, as shown in Fig. 2F for sev-
eral compositions in the (Ti, Nb),CT, and (Ti,
V),CT,, systems (55). Nonlinear optical behav-
ior (decreasing transmittance with increasing
light intensity) was observed for TizC,T,, thin
films, explained by a plasmon-induced increase
in the ground-state absorption, which results
in a saturable absorption at a wavelength of
1064 nm (58).

Mechanical properties

While the high elastic modulus of MXenes,
similar to that of bulk carbides (59), was pre-
dicted in the early studies (), experimental
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exploration of mechanical properties of MXenes
is just starting. Ti;C,T, MXene films (thick-
ness of ~940 nm) prepared by a blade coating
technique have shown a tensile strength of
~560 MPa (Fig. 2I), which exceeds that of
aluminum foil (60). In terms of fundamental
mechanical properties, so far, only single-layer
flakes of TisC,T, and Nb,CsT, have been ex-
perimentally tested using atomic force micros-
copy (AFM) nanoindentation (61, 62). Young’s
modulus (E) of single-layer TisC,T, reached
0.33 TPa. Figure 2J shows the force-deflection
curve during the AFM nanoindentation ex-
periment on bilayer Ti;C,T,, (61). TizC,T, mem-
branes did not catastrophically fail, even
upon rupture, and the sharp AFM tip only
poked a hole (Fig. 2J, inset), demonstrating
their high fracture toughness. In addition, the
measured modulus of single-layer Nb,CsT,,
reached ~0.39 TPa (62)—still lower than the
theoretically predicted limit, because of the
presence of point defects and surface termina-
tions (63). The breaking strength of Nb,C5T,
reached 26 + 1.6 GPa. Figure 2K compares the
reported Young’s modulus values of various 2D
materials (62), including the newly discov-
ered vapor-grown MoSi,N, (64). Nitride-based
MXenes are predicted to have a higher in-plane
Young’s modulus than carbide MXenes (65).

Synthesis and processing

The strong bonding between M and A atoms in
the MAX phases and layered carbides does not
allow direct mechanical exfoliation of single
MX layers from the MAX phases (2), even
though intense shearing is known to produce
multilayer MAX flakes (66). Therefore, a chem-
ical or electrochemical selective etching ap-
proach enabled by the difference in the bonding
energy and chemical reactivity of bonds in
layered precursors is required (7, 11). The me-
tallic bonding between M- and A-layer atoms
in many MAX phases is weaker than the ionic
and/or covalent bonding present between M and
X atoms (3), and therefore it can be broken using
a Kkinetically and thermodynamically favorable
chemical reaction in an etchant capable of
dissolving the reaction products. Some pre-
liminary studies suggest that the difference
in interlayer bonding is crucial, while others
stress the importance of the electrochemical
conditions from calculated Pourbaix diagrams
(67). The complexity of selective etching will
require advancement of the simulation ap-
proaches, in line with the recently suggested
use of high-throughput computations and
machine learning methods (9, 68).

Removal of the A-layer atoms in wet chem-
ical etching techniques and surface function-
alization of formed MX layers (Fig. 3A) result
in lattice expansion along the c axis, as evident
from broadening and downshift of the x-ray
diffraction (XRD) peaks corresponding to
(007) planes of MAX phases (2). If etching is
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complete and all of the MAX phase is trans-
formed into MXene, the corresponding XRD
peaks of the MAX phase lose their intensity
and ultimately disappear, being replaced by
broad reflections from MXene’s basal planes
(8, 11). The etching results in exfoliation of 2D
MZX layers and their spontaneous termination
with various surface functional groups, which
reduce their chemical potential and increase
their thermodynamic stability (8).

Different concentrations of HF are com-
monly used to etch Al-containing MAX phases
(1, 8, 11). While HF has proven to be a very
good etchant for selective removal of Al, it is
very corrosive and poses severe health risks,
which should be considered during MXene
synthesis. Nevertheless, using HF as the etchant
usually results in formation of m/-MXene par-
ticles with a signature accordion-shape mor-

Fig. 3. Synthesis and processing

of MXenes. (A) Schematic illustra- A
tion of two approaches to produce
MXenes by removal of A layers
from MAX phases and related
layered compounds. In the first
approach, the MAX phase is selec-
tively etched in fluoride ion—
containing acids. By this method,
multilayered MXene particles or

in situ delaminated 2D flakes (using
the MILD method) can be obtained.
In the second approach, the MAX
phase is selectively etched in molten
salts. The product is usually multi-
layered MXene particles, which

can then be delaminated through
intercalation. (B) Scanning electron
microscope (SEM) image of a
hexagonal-shape TisAIC, MAX
phase crystal (52). (C) SEM image
of a TisC,T, MXene particle, derived
from Ti3SiC, by selective etching of Si
layers in molten salt (36). (D) Top-
view SEM image of a delaminated
TisC,T, flake (52). (E) STEM
image of a M3AX, MAX phase
(TisAIC,) particle. (F) The corre-
sponding STEM image of an
mil-M3X,T, MXene particle (TizCoTy).
(G) Atomically resolved plane-view
STEM image of single-layer TisC,T,
(28). (H to J) Digital photographs
of ~1 L of delaminated TizC,T,
solution (166), highly concentrated
TizCoT, ink (167), multilayered
TizC,T, MXene particles (166), a
TisC,Ty film prepared by vacuum-
assisted filtration of a colloidal
MXene solution (168), and large-
area, mechanically robust TisC,T,
film produced by blade coating
(60). [(E) and (F) courtesy of

MAX Phase
precursor

phology, because of the evolution of hydrogen
gas during synthesis (note that not seeing
this morphology does not necessarily mean
that the etching has been unsuccessful). The
produced mi-MXenes can be subsequently de-
laminated into single- or few-layer flakes
through chemical intercalation of organic mol-
ecules such as dimethyl sulfoxide (DMSO),
tetrabutylammonium hydroxide (TBAOH),
tetramethylammonium hydroxide (TMAOH), or
n-butylamine (47, 48). Because of their an-
ionic surface terminations, d-MXenes produced
by wet chemical etching have a zeta potential be-
low —30 mV and form stable colloidal solutions.
Figure 3, B to D, shows typical morphologies of
a Tiz;AlC, MAX phase particle, mi-TisC,T,, and
d-Ti;C,T,. Figure 3, E to G, shows STEM images
of Ti;AlC,, mi-TisC,T,, and a plane-view of single-
layer d-TizC,T, produced from it, respectively.

Wet chemical etching

- 1 e

Etching in fluoride salts (LiF, NaF, KF, etc.)
mixed with hydrochloric (HCI) or other acids
is another approach that provides a safer path-
way for MXene synthesis (5). In this approach,
known as the MILD (minimally intensive layer
delamination) method, mixing HCI and metal
fluoride results in the formation of HF and an
intercalant (e.g., Li ions if LiF salt is used), and
therefore both etching and intercalation/
delamination can be done simultaneously (69).
Also, because of the presence of Li cations in
between flakes, the MXene flakes produced
by the MILD method show claylike rheological
behavior (5, 70). TizC, T, produced by this meth-
od does not show the accordion-like particle
morphology observed in HF-etched ml-MXenes.
Although the MILD method is applicable to
just a few MXenes (15, 41, 69), it provides bet-
ter control over flake size and quality (71, 72),

Scalable Highyield Aqueous Non-aqueous

— Direct delamination through MILD method

Molten salt etchin
ﬁ g

Tunable surface chemistry  Different A elements

P. 0. A. Persson; (B) to (D) and (G) to (J) adapted with permission from (14, 28, 36, 52, 60, 166, 167)]
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producing Ti;C, T, flakes with lateral dimen-
sions of up to 15 um and no pinholes (7).
Etching in HF or HCI solution produces m!-
TizCyT, (62, 73), which can be delaminated
with LiCl instead of organic intercalants (52),
resulting in higher delamination yields of ~60%.
Water-free synthesis of TizC,T, MXene in am-
monium dihydrogen fluoride (NH,HF,) dis-
solved in polar organic solvents (e.g., propylene
carbonate) produces Ti;C,T, with a very large
interlayer spacing of 21 to 51 A (depending
on the solvent), which was attributed to co-
intercalation of NH," cation complexes with
solvent molecules (74). Generally, water-free
etchants promote chemical stability of MXene
and minimize its oxidation, while elimination
of fluoride-containing etchants is expected
to substantially reduce the defects on MXenes
and enable tunable terminations. Examples of
these can be seen in two recently developed
etching approaches, one using halogen com-
pounds, i.e., tetrabutyl ammonium bromide (75)
in anhydrous cyclohexane to synthesize TizC,Bry
from TizAlC,, and another using iodine in
anhydrous acetonitrile (CH;CN) to prepare
TizC,T, with oxygen terminations (76).

Wet chemical etching techniques have
produced MXenes from Al-containing MAX
phases and related ceramics (non-MAX phases),
with a few exceptions where Ga double-layers
(77), [AI(S1)14C4 (78) and Al;Cs (79) carbide
layers, or Si monolayers (80) were removed
using HF or a mixture of HF and oxidants, such
as H,0,. Molten salts that form Lewis acids
(CuCl,, CdCl,, or CdBr,) can selectively etch a
larger variety of A-layer elements (Al, Zn, Si, Ga,
etc.) from MAX phases at moderate temper-
atures (24, 35, 36). In this approach (Fig. 3A),
the A element (i.e., Si in Ti3SiC,) is oxidized (in
this case, to Si**) by the cation (Cu®") forming a
volatile compound (SiCl,, boils at 57.6°C) that is
readily removed, yielding a Cl- or Br-terminated
MXene (e.g., TisCoCl,) as the result of charge
compensation by the anions (24, 36). Because
the M-Cl or M-Br bonds on the surface of MXenes
have a lower bond energy compared to M-F or
M-O terminations, they can be modified or re-
moved (24). For example, TizC,Br, was trans-
formed to Ti;C,Te, and TizC,S, by reaction
with Li,Te and Li,S, respectively, in a CsBr/
KBr/LiBr eutectic melt (24). Rapid synthesis
of Ti3C,T, (in milliseconds) through appli-
cation of a megahertz frequency acoustic ex-
citation to the TizAlC, MAX phase in LiF
solution (87) is the latest effort toward cost-
effective preparation of MXenes. Yet, among
different developed etching techniques, the
wet chemical etching of MAX phases in fluoride-
containing acidic solutions results in the
highest yield of MXene products and there-
fore remains the method of choice for large-
scale manufacturing.

MXenes can be processed into various shapes
and morphologies, as shown for Ti;C,T, in
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Fig. 3, H to J. The liquid crystalline MXene
dispersions in water can be processed into
fibers (82) or freestanding films using vacuum-
assisted filtration or blade coating methods
(60, 69), and printed into patterns with dif-
ferent geometries without any additives (83).
Spin, dip, and spray coating techniques as well
as layer-by-layer assembly, screen printing, ink-
jet printing, and other methods have been used
to deposit MXenes onto various substrates
(80, 84-87).

Optical and electronic applications

Low sheet resistance and good transparency
[0.1 to 8 kilohms per square at ~40 to 90%
transmittance in the visible range (88)] make
TizCyT,, thin films promising for optoelectronic
applications where flexible transparent con-
ductive electrodes (TCEs) are required, such as
solar cells, liquid crystal displays (LCDs), and
organic light-emitting diodes (OLEDs). TizC, T,
TCEs with ~4-nm thickness and transmittance
of 91% have been used in transparent solid-
state supercapacitors (56), delivering excellent
volumetric capacitance. Reversible intercala-
tion of protons or organic ions (e.g., TMAOH)
into transparent TizC,T,, films results in a re-
versible change in their color, enabling electro-
chromic devices (89).

The work function of MXenes can also be
tuned through modulation of their bulk and
surface. For example, the Ti;C,T, MXene has
been predicted to have work functions ranging
from ~1.81 to ~6.15 eV for completely OH- or
O-terminated surface chemistries, respectively
(45). The high conductivity and tunable work
function promise a low energy barrier for hole
injection, and this MXene has been used as
TCEs in OLEDs (90) and photonic diodes (58).
An OLED containing a TizC,T, TCE (device
structure is shown in the inset of Fig. 4A) with
a work function tuned to 5.1 eV had external
quantum efficiency of ~28.5% (90), compara-
ble with state-of-the-art commercial OLEDs.
TizC,T, has been used in photovoltaics to
tune the work function and electrode contact
interfaces for an improved charge extraction
process (91). For example, Ti;C,T,, MXene was
incorporated in several components of a perov-
skite solar cell with a TiO, electron transport
layer, where the Ti;C,T, MXene-modified pe-
rovskite solar cell showed ~5% higher power
conversion efficiency (PCE) than the original
cell (91). MXenes with modulated work func-
tions have also been used as electrodes in field-
effect and thin-film transistors (FET and TFT)
and logic circuits (92, 93). Figure 4B shows a
large array of organic FETs fabricated entirely
with TizC,T,, electrodes.

Gas sensors based on MXenes can detect
volatile organic compounds (VOCs) and non-
polar gases, such as ammonia, ethanol, and
acetone, at room temperature, mostly because
of their metallic core channels and surface
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functional groups that result in strong adsorp-
tion energies for these gas molecules (94, 95).
A gas sensor based on Ti;C,T,, delivered a two
orders of magnitude greater signal-to-noise
ratio and an experiential limit of detection
for VOCs lower than other gas sensors based
on 2D materials at room temperature (94).
MZXenes have also been used in biosensors
(96, 97), strain sensors (98), actuators, and
soft robotics (99-101). Strain sensors based
on TizC,T,-PVA (polyvinyl alcohol) hydrogels
exhibited stretching of more than 3400% (Fig.
4C) and an instantaneous self-healing prop-
erty with the capability of detecting complex
hand gestures owing to the 3D structure of a
network of MXene flakes inside the hydrogel
matrix (Fig. 4D) (98). A TizC,T,-cellulose com-
posite soft actuator on a polycarbonate mem-
brane showed a fast response and low-power
actuation deforming up to a maximum bending
angle of 147° at 5.1V (Fig. 4E) (10I). Electro-
chemical activity in various analytes, hydro-
philicity, and rich surface chemistry make
MZXenes attractive for biosensing (Fig. 4F shows
a MXene device schematic for biomolecule
sensing). Freestanding MXene membranes have
been used as solid-state nanopore platforms
for rapid detection and translocation of single
molecules (96).

High metallic conductivity and abundant
free electrons are important for electromag-
netic interference (EMI) shielding. TizC,T,
films of 1- to 2-um thickness showed an EMI
shielding effectiveness (EMI SE) of ~50 dB
(99.999% protection), and 92 dB at a thick-
ness of 45 um (102). Various MXene composi-
tions have been investigated for EMI shielding
applications, demonstrating the role of the
structure and composition of MXene in their
EMI shielding properties (103). Figure 4G
shows the EMI SEr, of various MXenes and
conventional materials versus their thickness
(104). A 40-um-thick TisCNT, MXene film with
an electronic conductivity of ~1800 S cm™,
which is about one-fifth that of Ti;C,T, and
orders of magnitude lower than that of copper,
showed an EMI SEr, of 116 dB (104). Al-
though the interaction of free electrons with
incident electromagnetic waves is believed
to dominate their reflection, the anomalous
performance of Ti;CNT, films can be attri-
buted to their layered, metamaterial-like struc-
ture (104). The fundamental reason behind
this anomaly still needs to be understood.
High conductivity and solution processability
of TizC,T, has also attracted attention for
microwave absorbance and terahertz shield-
ing (72), as well as wireless communication,
antennas, and radio frequency identification
(RFID) tags delivering comparable perform-
ances to copper antennas at a small fraction
of their weight and thickness (73, 105). For
example, Ti;C,T,, MXene patch antennas with
a thickness of 5.5 um have shown a radiation
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Fig. 4. Applications of MXenes in optoelectronics, sensors and actuators,
electromagnetic interference shielding, and wireless communication and
antennas. (A) Luminance of light-emitting diodes (LEDs) with indium tin

oxide (ITO) and MXene transparent electrodes at different voltages. Left inset
shows an optical image of a MXene-based green phosphorescent organic LED
(phOLED), and the right inset shows a schematic of this device (90). (B) Photograph
and device schematic of a large-scale electrode array for organic field effect
transistors (OFETs) using TizC,T, (92). (C) Photograph demonstrating the
stretchability of MXene hydrogel (98). (D) Resistance change of a MXene
hydrogel strain sensor in response to different hand gestures (98). (E) Response
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of a TizC,T,~cellulose soft actuator on a polycarbonate substrate to the
applied voltage (101). (F) Illustration of a MXene FET with Ti3C,T, electrodes
for biomolecular sensing (169). (G) Comparison of EMI shielding efficiencies
(SEt) of TisCNTy, TisC,T,, Mo,TiC,T,, and Mo,Ti,C3T, films with carbons
and metals (104). At comparable thicknesses, the performance of annealed
TisCNT, surpasses that of all other materials. (H) A comparison of radiation
efficiency versus thickness for MXene patch antennas with those made of
metals, carbons, and other materials (105). EGaln, eutectic gallium-indium;
CNTs, carbon nanotubes. [(A) to (H) adapted with permission from

(90, 92, 98, 101, 104, 105, 169)]
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efficiency of ~99% and a return loss value of
-49 dB at a frequency of 16.4 GHz (105).
Figure 4H compares radiation efficiency of
TizC,T, wireless antennas with that of other
materials.

Energy storage, harvesting, and
electrocatalysis

The use of MXenes for electrochemical energy
storage (Li-ion batteries and supercapacitors)
was an early area of interest (4, 106), and we
refer readers to reviews on the subject for de-
tails (8, 107). Figure 5A highlights properties of
MXenes that govern their electrochemical be-
havior. Transition metal core layers in MXenes
facilitate rapid electron transport through the
electrode enabling charge storage at ultra-high
rates, and a transition metal oxide-like surface
provides redox-active sites for pseudocapaci-
tive charge storage. The combination of these
two properties renders MXenes promising
electrode materials for ultrafast supercapacitors
and batteries. In addition, subnanometer inter-
layer slits between 2D sheets allow rapid ion
intercalation and transport, and they can be
expanded through pre-intercalation, pillaring,
and making hybrids or heterostructures with
other 2D materials or carbon nanotubes to fit
ions of different sizes (50, 85, 108, 109). The
surface terminations of MXenes can be tailored
toward certain redox chemistries. For example,
TisC,I, recently showed reversible high-voltage
I°/T* redox behavior in a zinc-iodide battery
(110). The electrochemical intercalation of
cations with different sizes and charges from
both aqueous and nonaqueous electrolytes
has been observed for a variety of MXenes
(4,6,7,50,111,112). MXenes have been tested
in various kinds of energy storage devices, in-
cluding metal-ion, metal-sulfur, and metal-
oxygen batteries. However, these materials
usually have shown sloping charge-discharge
profiles without a distinct plateau, typical for
conventional Li- and Na-ion batteries. In Li-S
(Na-S/K-S) batteries, MXenes show strong ad-
sorption of polysulfides, high conductivity,
and catalytic ability. They can also be used as
a barrier for polysulfide transport on the sep-
arator, current collector, and Li host, pre-
venting the growth of dendrites (113-115).
Moreover, integrating MXenes into hetero-
structures with other 2D materials or hybrid
architectures with high-capacity conversion-
type battery materials enables battery electrodes
with higher capacities, high-rate capabilities,
and long cycle life. MXenes not only improve
charge and ion transport inside the electrode
but also can accommodate large volume ex-
pansion of the high-capacity components act-
ing as conductive binders (109, 116, 117).

In supercapacitors, TizC,T, electrodes de-
liver a volumetric and gravimetric capacitance
of up to ~1500 F cm ™ and ~400 F g7, respec-
tively, in protic H,SO, electrolyte, and thin-
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film electrodes maintain more than half of
their initial capacitance at 10-ms charge-
discharge (118) (Fig. 5B). This shows that redox
processes can be used for storage and delivery
of energy at extremely high rates, as long as
electronic and ionic conductivity of electrodes
is sufficient. Similarly, d-Mo,,5CT,, -MXene free-
standing paper electrode has shown a low
charge transport resistivity combined with
a volumetric capacitance of 1100 F cm™ at
10 mV s, which was increased to ~1600 F cm
(~700 F g™ through post-annealing in argon
(I18). These results are substantially higher
than for Mo,CT, MXene, indicating a bene-
ficial effect of MXene vacancies on the electro-
chemical energy storage. In organic electrolytes,
the charge storage in Ti;C,T,, MXene depends
not only on the kind of cation but also on the
solvent (119). This solvent-selective behavior is
shown in Fig. 5C, where replacing the aceto-
nitrile solvent with propylene carbonate dou-
bled the Li* storage capacity of Ti;C, T, electrode
through complete desolvation of inserted Li
ions (119). Consequently, proper pairing of
MZXene with electrolytes is required.

As solution-processable 2D materials, MXenes
can enable flexible, on-chip, printable, and wear-
able energy storage and harvesting devices
(83, 120). Ti3C,T, MXene-based microsuper-
capacitors prepared on different substrates,
including paper, were capable of filtering high
frequency ripples in AC (alternating current)
line (121). Figure 5D shows a wafer-scale array
of a MXene microsupercapacitor fabricated
for AC-line filtering applications (721). TizCyT,~
coated conductive yarns and energy storing
textiles with good environmental stability and
washability have been demonstrated and used
to fabricate knitted device with interdigitated
electrodes (Fig. 5E).

MXenes have been used for energy harvest-
ing and conversion applications, such as flex-
ible triboelectric nanogenerators that can
harvest energy from human motion (722, 123).
The high light-to-heat conversion efficiency
of TizC,T, has rendered it one of the best ma-
terials for solar-driven water steam generation
(124). Ultrasound energy harvesting has also
been demonstrated (125). Moreover, lamellar
freestanding Ti;C,T, membranes with con-
fined ion-selective nanofluidic channels were
shown to be capable of osmotic energy har-
vesting under a salinity gradient (126, 127).

The oxygen atom terminations on the sur-
face of MXenes can effectively act as the cata-
lytic active sites for hydrogen evolution reaction
(HER) (128, 129). Therefore, controlling their
surface stoichiometry toward lower fluorine
and higher oxygen concentrations lowers the
overpotential for HER in MXenes (130). Mo-
based MXenes, which have few or no fluorine
terminations, show better HER performance
compared with TizC,T, or Ti,CT, (128, 130).
Introduction of ordered vacancies, as in -
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MZXenes, improves the performance even
further, as demonstrated for Mo,,;CT, and
W.,,5CT,, (I131). Whereas in transition metal
dichalcogenides (TMDs), only edges are catalyt-
ically active, the entire basal plane of MXene
participates in catalysis, providing a high cur-
rent density (7129). The possibility of creating
vacancies on M sites enables these materials to
support single-atom precious metal catalysts,
as demonstrated for platinum atoms immobi-
lized on Mo-vacancies on the Mo, TiC,T,, surface
(132). The produced catalyst showed ~40 times
higher catalytical mass activity than commer-
cially available Pt-on-carbon catalysts. MXenes
have also been explored for catalyzing the oxy-
gen evolution reaction (OER) (7133) and N,
reduction reactions (NRR) (134).

Biomedical and environmental applications

Biocompatibility and low cytotoxicity of most
MXene compositions, such as TizC,T, (135),
Nb,CT,, (136), and Ta,CsT,, (137), as well as their
plasmon resonance and high photothermal
conversion efficiency in the near-IR and IR
range (124) make these materials promising
for cancer theranostics (Fig. 5F). Ta,CsT,, has
attracted particular attention because of its
higher photothermal efficiency (~44.7%) com-
pared with Ti;C,T,, (137). Soybean phospholipid-
modified Ta,CsT, nanosheets were used for
in vitro and in vivo photothermal ablation of
breast cancer cells (137), where >90% of the
MXene-incubated cells were killed upon appli-
cation of a NIR laser (Fig. 5G). MXenes have
also been used for drug delivery (738) and mag-
netic resonance imaging (MRI)-guided tumor
hyperthermia applications (136).

MXenes have higher resistance to biofoul-
ing and accumulation of microorganisms and
bacteria compared with graphene oxide (139)
and therefore have been targeted as filtration
and desalination membranes and as implant-
able devices. TizC,T, was used in implantable
brain electrodes with superior impedance and
in vivo neural recording performance in com-
parison with gold microelectrodes (Fig. 5H)
(140). Similar performance has been shown by
MXene electrode arrays for high-density, high-
resolution surface electromyography, where
they outperformed noble metals and allowed
gel-free application (741). Inspired by its excit-
ing electro-optical properties, a Ti;C,T, TCE
on acrylate was explored in intraocular lenses
mimicking the accommodative function of
the eye’s natural lens (142). Figure 5H illus-
trates an example of an adjustable-focus lens
based on spin-coated Ti;C,T,, electrodes and
aliquid crystal with the capability to change
its refractive index (under an electric field)
resulting in an optical power and change of
focus (142).

The ability of Ti;C,T, and Mo, TiC,T,, MXenes
to remove urea from dialysate by adsorption is
more efficient than other sorbents (143, 144)
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Fig. 5. Energy storage and biomedical applications of MXenes. (A) Schematic
illustration showing MXenes' electrochemical properties for ion storage applications.
(B) Cyclic voltammetry (CV) data collected at scan rates from 10 to 100,000 mV-s™
for a 90-nm-thick TizC,T, film (118). (C) Influence of an electrolyte’s solvent on the
lithium-ion storage capacity of TisC,T,; CV curves of microporous TizC,T, electrode
in 1 M lithium bis(trifluoromethanesulfonyl)imide (LITFSI) in DMSO, acetonitrile
(ACN), or propylene carbonate (PC) electrolytes (119). (D) A digital photograph showing
the wafer scale fabrication of an array of 143 MXene microsupercapacitors (121).

(E) Photograph of a knitted textile with an interdigitated pattern made using TisC,T,
MXene-coated cotton yarn to produce electrodes for wearable textile supercapacitor

and may enable development of a wearable
dialysis system known as an artificial kidney.
The high adsorption efficiency for urea and
uric toxins arises from narrow slits between
functionalized and charged MXene sheets,
which act as adsorption sites.

MXenes and beyond: Discovery and design
of related 2D structures

Synthesis of i-MXenes, including structures
with ordered vacancies; demonstration of Ti,Cs,
Ti;C, (145), and Mo,VC,T, MXenes (146); chem-
ical vapor deposition (CVD) growth of nanometers-
thin Mo,C (147); synthesis of numerous solid
solution MXenes; transformation of carbide
MXenes into nitrides by high-temperature treat-
ment in ammonia (/48); and topochemical
transformation of TMDs into 2D W;Ng and
MosNg nitrides (714.9) suggest the possibility
of synthesis of many more 2D carbides and
nitrides, which should be guided by high-
throughput simulations (68) and machine
learning (9) for accelerated material discovery.

Other related 2D structures with different
chemical formulas, such as 2D MC, carbides
(e.g., TiC,—pending experimental verification)
(150), vapor-grown 2D MoSi,N, (64), ultrathin
MAX phases (MAXenes) (66), and the emerg-
ing family of 2D borides (MBenes) with a sim-
ilar formula to MXenes but with boron-occupied
X sites (151, 152) have been predicted, and in
some cases their partially exfoliated parti-
cles have been produced or ultrathin crystals
grown. Carbide and nitride electrides, such
as Ca,N (37), which have low environmental
stability but attractive physical properties, are
also of interest. For example, vapor-grown 2D
MoSi,N, has a Young’s modulus of ~0.5 TPa
and a breaking strength of ~66 GPa (64). DFT
calculations have predicted a large family of
semiconducting 2D structures with a general
formula of MA,Z,, where M is a transition metal,
Ais Sior Ge, and Z can be N, P, or As (64). Other
calculations have predicted 2D MC, carbides
(e.g., NbC,, TaC,, and MoC,) for HER and OER
(153), and partially etched borides have shown
promise for electrocatalytic HER applica-
tions (151, 152). Similar to MAX phases, the
M-A bonds in MAB phases are weaker than
M-B bonds (154), potentially allowing selec-
tive etching of A-elements. However, previous

VahidMohammadi et al., Science 372, eabf1581 (2021)

efforts only resulted in multilayer MBenes
where periodic removal of Al layers forms
stacking faults containing a single Al layer
(only one of the Al double layers was removed
during the etching from the structure of MoAIB),
creating stacking sequences (i.e., M0,AlB,)
that hinder further Al deintercalation and
exfoliation (757). Therefore, more research is
required to identify the approriate precursors
and achieve complete exfoliation of MAB phases
to MBenes.

Precursors are of critical importance for
MZXene synthesis in general. On one hand,
it is important to achieve their low-cost syn-
thesis from ores and coal, coke, or carbon black
by an Acheson-like process or self-propagating
high-temperature synthesis. MXenes contain-
ing Earth-abundant elements such as Ti and
carbon or nitrogen are of practical interest
for large-volume applications, such as energy
storage or water purification and desalination,
and availability of low-cost precursors will be
an enabling factor. On the other hand, syn-
thesis of new MAX phases designed as precur-
sors for specific MXenes is equally important,
as further expansion of the family will not be
possible otherwise. For example, W-containing
MXene became possible because of the syn-
thesis of W-based -MAX, as W-based tradi-
tional MAX phases are not stable. MsC, MXene
was enabled by adding a second M element.
Computation-driven design of MAX phases
and other precursors for MXene synthesis may
assist in expansion of the family and adding
new compositions and structures.

Figure 6 illustrates the potential directions
for future discovery and design of 2D metal
carbides, nitrides, and borides, as well as prop-
erty tuning pathways that can open the pos-
sibility to move beyond the state-of-the-art and
toward predicted extreme properties. Several
studies have suggested tunable magnetism and
ferromagnetic properties of nitride MXenes
(155), which would enable MXene-based spin-
tronic devices. In-plane chemically ordered -
MZXenes such as those potentially originating
from rare Earth (RE)-based Mo,,3RE,3AIC -
MAX are attractive, as the magnetic elements
are located at the apexes of a 2D triangular
lattice, which is an arrangement that may re-
sult in a wide range of magnetic phenomena
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(170). (F) Schematic illustration of biomedical applications of MXenes.

(G) Infrared thermal images of a mouse with a 4T1 tumor before and after
intravenous injection of 20 mg/kg dose of TisC,T,—soybean phospholipid under
808-nm laser irradiation (1.5 W cm™) at different time intervals (171).

(H) Schematics and bright-field microscopy image of an electrode array made from
TisC,T,/Au for brain neural activity recording (140). (I) An adjustable-focus lens
constructed with glass slides coated with TisC,T, and sandwiching a liquid crystal
(LC) layer in twisted nematic orientation. Molecular reorientation of the LC layer
upon application of an electric field allows focusing of the lens (142). [(D), (E), and
(G) to (I) adapted with permission from (118, 119, 121, 140, 142, 170, 171)]

and intricate ordered (collinear, chiral, etc.) or
disordered (spin ice or liquid, etc.) ground states.
Similarly, some oxygen-terminated MXenes
(Mo- and Cr-containing M,CO, MXenes or
Mo,TiC,0, and Mo,Ti,O; 0-MXenes) have
been predicted to be topological insulators
when tailored with certain bandgaps (156, 157).
The molten salt technique allows synthesis of
fully oxygen-terminated MXenes and there-
fore may lead to experimental verification of
the predicted topological insulators. Also, com-
putationally guided synthesis and structural
design approaches should be utilized to in-
vestigate the possibility of producing super-
conducting MXenes and enabling their use in
magnetic imaging, quantum interfaces, and
other applications.

Outlook

Over the past 10 years, the world of 2D tran-
sition metal carbides and nitrides expanded
with the synthesis of M;C,T,, -MXenes (with
or without divacancies in their basal planes),
0-MXenes, and numerous solid solutions. Con-
trol over their physical, mechanical, and electro-
chemical properties via atomistic design has
been demonstrated, even though ~50 MXenes
reported so far constitute a small part of the
family. Composition-dependent optical proper-
ties have been shown for solid solution MXenes.
Reversible tuning of work function, plasmon
resonance, and Fermi level by surface chemistry
have been demonstrated for several MXenes.
A combination of their elastic properties and
mechanical strength, exceeding that of other
solution-processed 2D materials, with high
metallic conductivity and diverse plasmonic
properties can be useful in multifunctional
nanocomposites. MXenes have shown redox
charge storage and delivery within millisec-
onds, detection of trace amounts of various
gases with ultrahigh sensitivity, and the ability
to adsorb urea and shield against microwave ra-
diation. However, for predicting which MXenes
will show the best radiation-shielding perform-
ance, interactions of individual nanometer-
thin layers with electromagnetic waves and the
related quantum effects should be considered,
as continuum electrodynamics does not ex-
plain unmatched EMI shielding properties
of titanium-based MXenes.
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Fig. 6. Synthesis and structural design of MXenes. The discovery of new MXene structures and compositions, and precise control of their surface terminations, as
well as their combination with other 2D materials into superlattices and 2D heterostructures, will enable emergence of new properties and expand the use of
MXenes in various fields, including flexible and wearable devices for energy storage and harvesting, sensors, actuators, optical lenses, artificial memory devices,
quantum computing, and Internet of Things (loT) devices. [The base 3D model for the female character was obtained from and courtesy of renderpeople.com]

The use of molten salt or halogen-containing
organic solvent etchants enabled synthesis
of MXenes with Cl or Br terminations with
the possibility to exchange them with other
moieties through postprocessing. These redox-
active terminated surfaces make MXenes
useful in a variety of energy systems including
supercapacitors and batteries, showing prom-
ise as active materials in anodes and cathodes,
binders, current collectors, and electrocatalysts.
Understanding the charge storage mechanisms
in different MXenes, mechanisms of suppres-
sion of metal dendrite growth, dynamics of in-
tercalation of multivalent cations (Mg>*, Ca>*,
or AI>") into MXenes, and building high-power,
high-energy all-MXene energy storage devices
are all attractive goals.

Because of their compositional and struc-
tural variety and tailorable properties, MXenes
are now being studied in many fields, beyond
what we have covered in this Review. Out-
standing mechanical properties, low friction
coefficient, high conductivity with the elec-
trochemically tunable Fermi level, and optical
properties make them attractive for soft ro-
botics and actuators (101), lasers and photonics
(49, 158, 159), water desalination and environ-
mental remediation (160), (multi)functional
lightweight metal-matrix (161) and ceramic-
matrix composites (162), memory devices and
bioinformatics (163-165), tribology, and other
applications.

There are still many challenges that must
be addressed to unleash the full potential of
MZXenes. Efficient, scalable, and cost-effective

VahidMohammadi et al., Science 372, eabf1581 (2021)

etching techniques and delamination routes
need to be developed for MXenes beyond
TizC,T,. --MXenes, o-MXenes, and solid solu-
tion MXenes, including high-entropy ones, are
of great interest owing to a wide range of pos-
sibilities in tuning their structures and proper-
ties. Nitride MXenes have been predicted to
have a variety of attractive properties, from
ferromagnetism to higher conductivity than
carbides or semiconducting properties (155).
However, only a few nitrides have been made—
none of them magnetic, despite availability of
their parent MAX phases. Some o0-MXenes are
expected to be topological insulators. Tunable
superconductivity, large Seebeck coefficient in
semiconducting MXenes, work functions rang-
ing from 2 to 8 eV, mechanism of electron/
charge transport in-plane and out-of-plane of
MZXenes, role of interlayer chemistry on inter-
flake conduction of MXene films, electrochem-
ical tuning of their optoelectronic behavior, and
other attractive properties are to be explored.
Etching routes with higher selectivity toward
M-A bonds than M-N bonds should be devel-
oped to exfoliate nitride MAX phases. Beyond
currently known MXenes, other 2D carbide
and nitride structures, including vapor-grown
2D nitrides (MA,Z,), computationally pre-
dicted MC, carbides, and 2D borides are im-
portant targets.

It is important to mention that MXenes
complement properties of other 2D materials,
and they can be seen as building blocks that
add metallically conductive, plasmonic, electro-
chemical, or catalytical properties to hybrid

11 June 2021

materials and structures and when combined
with graphene, boron nitride, dichalcogenides,
and other 2D materials. This opens a path to
building hybrid and heterostructure materials
and devices with programmed properties using
additive manufacturing and self-assembly from
solution.

Methods and protocols should be estab-
lished to improve the chemical stability of
MZXenes, especially for applications as single-
layer flakes and thin films. Better understand-
ing of the role of precursor structure and
stoichiometry, as well as the etchant compo-
sition and postprocessing treatments on syn-
thesis and properties of resulting MXenes will
facilitate scale-up and large-volume manufac-
turing of MXenes at the commercial scale.
Synthesis of MXenes from non-Al based MAX
phases or MAX phase analogs must be further
explored. CVD and physical vapor deposition
synthesis of 2D MXenes can open the door to
preparing high-quality (defect-free), large single-
layer crystals, and bare MXenes, which can
facilitate study of fundamental physical (quan-
tum) properties and electronic applications of
these materials in areas such as bioelectronics
and electrochemical artificial synapses or neuro-
morphic computing.
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A family of thin materials

Two-dimensional (2D) materials have attracted interest because of the unusual properties that emerge in these
confined structures. There is a growing family of 2D metal carbides and nitrides known as MXenes that contain an odd
number of layers in which metals (M) sandwich carbon or nitrogen (X) layers. VahidMohammadi et al. reviewed the
progress in synthesizing this growing library of materials. Mixed-metal combinations can be used, as well as a range of
surface terminations, making it possible to tune the properties. However, there are still challenges in improving the
synthesis methods and developing techniques that can be scaled up.
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