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F
or the last 100-some years, sci-
entists have identified transition 

metal carbides, nitrides, and carbonitrides 
as ideal ceramic materials for applications 
requiring mechanically hard, electrically 
conductive, chemically stable, and ultra-
high-temperature properties. 

In the mid-1900s, advances in transition metal carbides 
and nitrides expanded to ternary phases of transition metal 
carbides and nitrides, known more commonly today as MAX 
phases. MAX phases, denoted by their chemical formula 
Mn+1AXn (n = 1 to 4), have a wide range of chemical diversity.1 
M represents n+1 layers of transition metals from groups 3–6 
of the 3d-5d block of the periodic table. X represents carbon 
and/or nitrogen, which occupy the octahedral interstitial sites 
of the M layers. The M

n+1
X

n
 layers are interleaved with A-group 

elements, commonly from groups 13–16 of the periodic table.2 
Research on MAX phases from the 1990s to early 2010s 

focused on high-temperature oxidation resistance, damage and 
corrosion tolerance, and self-healing capabilities.1 However, in 
2011, investigation of the selective etching effect of hydrofluor-

ic acid on the A-layers in MAX phases led to the discovery of a 
new field of layered 2D transition metal carbides and nitrides, 
known today as MXenes (Figure 1).3

Today, MXenes are an ever-expanding field of 2D transition 
metal carbides and nitrides that are commonly derived from 
their MAX phase precursors, such as Ti

3
C

2
T

x
 from Ti

3
AlC

2
, 

through selective etching of the A layers in MAX phases to yield 
their M

n+1
X

n
T

x
 layers. Because of the top-down synthesis process, 

MXenes derive their chemistry and structure from their respec-
tive MAX phase. The selective etching results in the formation 
of surface groups (shown as T

x
) from their etching environment, 

which are commonly –O, –F, and –(OH).
As a derivative 2D material of MAX phases, MXenes also 

demonstrate a wide range of chemical and structural diversity, 
which leads to a range of impressive material behaviors, includ-
ing electrical conductivity (up to 24,000 S/cm), mechanical 
stiffness (up to 386 ± 13 GPa), solution processibility (negative 
zeta potential of about –40 mV in aqueous solutions), electro-
magnetic interference shielding (up to 116 dB for total shielding 
effectiveness),4 catalytic activity,5 tribological behavior (6-fold 
reduction in coefficient of friction as a coating),6 and high-
temperature stability in its hexagonal structure in inert environ-
ments (up to 800°C).7

As a result of these impressive properties, MXenes have 
seen an outpour of attention from the materials science com-
munity, with over 7,000 publications with the word MXene 
in their titles, as of June 2022 on Web of Science. The bulk 
of attention on MXenes from 2011 through 2015 focused on 
energy storage capabilities as a layered 2D nanomaterial, and 
the interest in energy storage is still expanding.8 However, 
increased attention in recent years focused on MXenes in other 
applications, including electrocatalysis, electromagnetic inter-
ference shielding, mechanical and tribological reinforcements, 
biomedical, and (very recently) as ultrahigh-temperature envi-
ronment materials.
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Since the discovery of 2D transition metal carbides and 

nitrides (MXenes) in 2011, research on this family of 

materials has led to its usage in many sectors—with 

future applications continuously emerging.
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MXenes in electrocatalysis
Since the 1970s, scientists explored 

3D grains of transition metal carbides 
and nitrides as alternatives for noble met-
als for electrocatalysis, such as hydrogen 
evolution reaction (HER), owing to their 
advantageous properties, namely high 
electrical conductivity, mechanical and 
chemical stability, and high melting point. 
In 1973, tungsten carbide was reported 
to have platinum-like catalytic behavior, 
which accelerated the development of 
tungsten carbide potential electrochemical 
properties.9 This discovery opened new 
avenues for researching and designing 
catalysts with platinum-like characteristics 
made of transition metal carbides and 
nitrides for electrocatalysis.

With their similar bonding behavior, 
2D MXenes were also employed suc-
cessfully in electrocatalysis due to their 
high electronic conductivity, hydrophilic 
nature, chemical stability, and high 
surface area, which is electrochemically 
active.5 In 2016, two reports, including 
a theoretical study on oxygen-terminated 
V

2
C MXene and an experimental study 

on Mo
2
CT

x
 and Ti

2
CT

x
, pointed toward 

superior HER activity of MXenes.10,11

These findings demonstrated that 
Mo

2
CT

x
 exhibits higher HER activity 

with lower overpotential than Ti
2
CT

x

toward HER. It was also shown that 
MXenes’ basal planes (2D sheet surfaces) 
are catalytically active toward HER.11

The large available basal surface area 
for catalytic activity paired with the 
chemical diversity of 2D MXenes lends 
promise to MXenes for use in future 
energy conversion applications, such as 
substituting platinum-based catalysts for 
efficient HER catalysis.

MXenes for EMI shielding
In the general transition metal car-

bides field, electromagnetic interference 
(EMI) shielding is sparsely reported 
compared to their mechanical stiffness, 
wear and corrosion resistance, and high-
temperature behaviors. The lack of EMI 
shielding studies is despite the high 
electrical conductivity of bulk transition 
metal carbides and nitrides and possibly 
due to the difficulties of ultrathin film 
fabrication (such as foil fabrication) from 

these hard and high-melting point car-
bides and nitrides.

However, thanks to MXenes’ 2D struc-
ture, the EMI shielding of MXenes of dif-
ferent morphologies expanded to become 
a major application area, as MXenes 
can be fabricated as multilayer powder, 
aqueous solutions, or thin stacked films 
(Figure 2a).4,12 A 50-nm-thick film of 
Ti

3
C

2
T

x
 (about 24 sheets) showed an 

electromagnetic shielding capability of 
about 99% EMI shielding, which leads 
to an effective shielding of more than
3 million dB•cm2/g.12 While the electri-
cal conductivity of MXenes is lower than 
copper and aluminum films, MXene 
EMI shielding effectiveness (EMI SE) is 
on par or even higher than those of cop-
per and aluminum (Figure 2b).

Both reflection and absorbance 
mechanisms may contribute to the EMI 
shielding property of MXenes. Reflection 
is predicted to result from abundant 
free electrons on MXenes surfaces due 
to T

x
 and surface M layers, while absor-

bance is thought to come from energy 
transfer to the internal high electron 
density MXene lattice structure. The 
absorbance contribution of EMI shield-
ing can be improved by using nitrogen 
with carbon as mixed elements in the X 
layers (Ti

3
CNT

x
 MXene), as it is specu-

lated that the added valence electron of 
nitrogen in Ti

3
CNT

x
 results in increased 

absorbance of incident electromagnetic 

waves, leading to a larger EMI shielding 
effectiveness as compared to Ti

3
C

2
T

x
  

(Figure 2b).12

The EMI SE behavior of Ti
3
CNT

x

compared to Ti
3
C

2
T

x
 illustrates the 

potential for compositional tuning of 
MXenes toward application-based design, 
as the top-down synthesis from their 
respective chemically diverse MAX phas-
es permits a large range of potential com-
positions of MXenes available for synthe-
sis. In addition to the chemical diversity, 
the solution processibility of MXenes 
allows simple processes to be used, such 
as vacuum filtration or paint-brush style 
spray-coating, to form flexible structures 
that can be used for EMI shielding and 
wireless communications.13,14 The com-
bination of this compositional space and 
solution processibility results in a wide 
range of potential choices in chemistry 
and simplistic processing to form EMI 
shielding and EM antennas for use in 
next-generation electronics.

MXenes as mechanical and tribo-
logical materials

For those familiar with traditional car-
bide and nitride ceramics, stiff mechani-
cal behavior and high wear resistance are 
key features of these ceramic materials. 
Bonding interactions in MXene between 
M and X structure dominate the 
mechanical behavior of MXene flakes. 
These M and X interactions in MXenes 
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Figure 1. The large compositional and structural family of MXenes (M
n+1

X
n
T

x
), which is 

derived from their MAX phase precursor (M
n+1

AX
n
). 
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are mixed ionic/covalent/metallic bonded systems with differ-
ent bond stiffnesses depending on the M and X chemistry and 
n number layering of M

n+1
X

n
. In short, bonded compositions 

such as molybdenum to carbon and tungsten to carbon have 
the stiffest bonds of carbide compositions while early transi-
tion metals, such as scandium to nitrogen or titanium to nitro-
gen, are the stiffest bonds of nitrides. This chemistry-depen-
dent mechanical behavior of M–X implies MXene mechanical 
behavior is tunable by composition (Figure 3a).15

In addition, MXenes with a higher n have the highest in-
plane stiffness due to the decreasing effect of the surface M 
layer on the mechanical behavior, for example, about 150 
N/m for Ti

2
C as compared to about 350 N/m for Ti

4
C

3
.15

Similarly, T
x
 groups on the surface of MXenes influence 

their mechanical behavior even further, as O
2
-terminated 

MXenes are shown to have the highest in-plane mechani-
cal stiffness of all other common surface groups due to the 
affinity of oxygen with transition metals. The mechanical 
behavior has exhibited the highest experimentally observed 
elastic moduli of all solution-processable nanomaterials to 
date for Ti

3
C

2
T

x
 and Nb

4
C

3
T

x
 at 330 ± 30 GPa and

386 ± 13 GPa, respectively.15

The capability of tuning the interior M–X chemistry of 
MXenes and the T

x
 surface groups based on MAX synthesis 

and selective etching (Figure 3b) yields a range of choices to 
experimentally determine the effects of composition, struc-
ture, and defects on the bonding behavior of transition metal 
carbides and nitrides at the nanoscale. Additionally, MXenes 
stiff in-plane mechanical properties are paired with very weak 
van der Waals interlayer interactions between MXene sheets, 
which makes them an incredibly stiff and tunable reinforce-
ment materials. This information can be used to develop 
strong, stiff nanomaterials as additives for metal or ceramic 
matrices, and it can also inform design decisions of bulk 
transition metal carbide and nitride systems based on funda-
mental understanding. 
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Figure 3. Tunability of the mechanical behavior of MXenes based on compositions, where various bond pairings shown in (a) can be 
chosen to affect the mechanical behavior of MXenes based on their possible chemistry and structure (b). Panel (a) reprinted with per-
mission from Reference 16. 
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Figure 2. (a) Different MXene morphologies and (b) EMI shield-
ing effectiveness of different MXene compositions as related 
to film thickness. Panel (b) reprinted with permission from 
Reference 14.
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Just as ceramic materials shown signif-
icant wear resistance under sliding force 
conditions, MXenes show promise as 
wear-resistant materials with an addition-
al property of very low coefficient of fric-
tion (COF) in many uses ranging from 
lubricant additives, solid lubricants, and 
composite additives, outperforming even 
state-of-the-art nanomaterial choices 
(Figure 4).6,15 MXenes owe their impres-
sive performance in tribological applica-
tions to their strong in-plane mechanical 
behavior paired with their comparatively 
weak out-of-plane van der Waals inter-
layer interactions. Their low COF can 
be attributed partly to the low energy 
barrier from T

x
–T

x
 interactions toward 

interlayer sliding. Computational studies 
reported that Ti

2
CO

2
 has a sliding bar-

rier of 0.017 eV while bare Ti
2
C (with 

no surface terminations) has a sliding 
barrier of 0.237 eV, which corresponds 
to COFs of 0.24–0.27 for bare titanium-
based MXenes while O-terminated 
titanium-based MXenes have COFs of 
0.10–0.14.16

The effect of M element and n val-
ues on the surface groups also showed 
an effect on the frictional behavior, as 
Ti

3
C

2
T

x
 and Nb

2
CT

x
 terminated with O

2

have surface dipole moment densities 
of 0.020 eV/Å and 0.011 eV/Å, respec-
tively, which leads to lower adhesion 
forces and frictional forces for Nb

2
CT

x

compared to Ti
3
C

2
T

x
.17 Their potential 

to improve mechanical wear resistance 
can be attributed to their strong in-
plane mechanical bonding,15 which may 
improve average service life of MXene-
coated bearings by 30% and 55% 
compared to similarly MoS

2
-coated and 

diamond-like carbon-coated bearings, 
respectively.18 These material behaviors 

illustrate that MXenes are ideal and tun-
able nanoceramics for use in high-wear 
and high-friction environments, which 
can lead to development of new low-
friction equipment components or even 
triboelectric nanogenerators of energy.19

MXenes in extreme environments
Similar to their bulk transition 

metal carbide and nitride counterparts, 
MXenes’ interior transition metal car-
bide/nitride core lends the potential of 
their use in extreme conditions, such 
as ultrahigh-temperature environments. 
Although MXenes display detrimental 
oxidation behavior in water or oxygen-
containing environments,20 carbide 
MXenes form ultrahigh-temperature 
nanolamellar carbides that are highly 
stable in inert high temperature envi-
ronments (>1,500 °C).

This high-temperature phase transition 
of carbide MXenes to stable nanolamellar 
carbides in inert environments takes place 
in four main regimes (Figure 5), which 

occur in order of 1) loss of adsorbed spe-
cies on the surface of each 2D sheet from 
room temperature to about 300 °C;
2) loss of surface T

x
 groups at tempera-

tures up to 800 °C, followed by 3) begin-
ning diffusion of atoms onto the surface 
to result in phase transformation of 
MXene from its hexagonal crystal struc-
ture to more stable nanolamellar carbides 
(titanium–carbide layers on top of Ti

3
C

2
, 

for example); and 4) complete phase 
transformation of MXenes to a stable 
nanolamellar carbide.7

The extensive range of compositions of 
transition metals, carbon/nitrogen, and 
structural configurations of MXenes lends 
significant possibilities and engineering 
control of high-temperature phase behav-
ior of MXenes. Additionally, MXenes’ 
solution processibility and their inherent 
negative zeta potential allow the addition 
of MXenes as additives and reinforcement 
materials in metal or ceramic composites 
(Figure 6a). The ease of film and coat-
ing fabrication make MXenes a unique 
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Figure 4. Example uses of MXenes in tribological applications including in lubricant additives, solid lubricant films, and composite 
additives. Reprinted with permission from Reference 16. 
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Figure 5. High-temperature phase behavior of MXenes, showing the four-stage 
behavior of MXenes in inert environments. 
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precursor for ultrahigh-temperature coat-
ings (Figure 6b).21 MXenes as precursors 
for extreme environment materials holds 
promise for MXene use in hypersonics, 
space exploration, nuclear reactors, and 
other extreme environment applications.

Conclusion
The future for MXenes as an engi-

neerable 2D nanoceramic material is 
bright because of their impressive elec-
trochemical, electrical, EMI, mechanical, 
tribological, and ultrahigh-temperature 
behaviors. The wide range of chemical 
diversity, crystal structures, potential 
morphologies, and high surface area to 
volume ratio means that MXenes have 
the potential to be the premier building 
block of ceramics engineers in future 
demanding engineering challenges.

Future fundamental research explor-
ing MXenes as nanoceramic building 
blocks will be needed to capitalize on 
MXenes’ as strong, ultrahigh-tempera-
ture reinforcements or thin-film mate-
rials that offer new materials solutions 
over traditional macroscale ceramics 
for use in future electronics, space 
exploration, or defense applications. 
With the addition of MXenes as a via-
ble nanoceramic material, the future 
for the field of ceramic engineering is 
at the nanoscale.
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Figure 6. Future uses of MXenes as (a) additives in ultrahigh-temperature ceramics (UHTCs), can see MXenes used as strong binder 
materials in future extreme environment applications, such as (b) thermal barrier coatings on turbine blades and hypersonic travel. 
Adapted from Reference 21. 


