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Owing to the exceptional properties of graphene, intensive studies have been carried out on novel

two-dimensional (2D) materials. In the past several years, an elegant exfoliation approach has been

used to successfully create a new family of 2D transition metal carbides, nitrides, and carbonitrides,
termed MXene, from layered MAX phases. More recently, some unique properties of MXene have

been discovered leading to proposals of potential applications. In this review, we summarize the latest

progress in development of MXene from both a theoretical and experimental view, with emphasis

on the possible applications.
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1 Introduction

Since the discovery of graphene and its outstanding prop-
erties, two-dimensional (2D) materials have become a
major research interest in materials science [1-9]. Re-
cently, a new family of 2D materials has emerged, con-
sisting of transition metal carbides, nitrides, and car-
bonitrides, also known as MXenes [10, 11]. These novel
materials are produced by selectively etching layers of

sp elements from their corresponding three-dimensional
(3D) MAX phases [see Fig. 1(a)]. These so-called MAX
phases are layered ternary metal carbides, nitrides, or
carbonitrides, with a general formula of M,,11AX,, (n =
1, 2, 3), where M, A, and X represent early d-block tran-
sition metals, main-group sp elements (predominantly
IITA or IVA), and either or both C and N atoms, re-
spectively.

Till date, more than 70 MAX phases have been re-
ported [12], but the established MXene family only in-
cludes TigCQ, TiQC, (Tio,5, Nb0,5)20, (V0_5, CI‘0_5)3CQ,
TigCN, Ta403 [13], I\Ibgc7 VQC [14], and Nb403 [15]
More MXene materials are expected to be exfoliated
from the sizeable family of MAX phases in the future.
Notably, the outer surfaces of the exfoliated layers are
always terminated with F, OH, and/or O groups during
the etching process [see Fig. 1(b)]. Henceforth, these ter-
minated MXene species will be referred to as M,, 11 X,, Ty,
where T represents the surface groups (F, OH, and/or O)
and z is the number of terminations.

Since their discovery, MXenes have been reported to
possess exceptional properties. For example, the conduc-
tivity of MXenes is comparable to that of multilayered
graphene [13]. Density functional theory (DFT) compu-
tations have shown that MXene is quite stiff, with in-
plane elastic constants exceeding 500 GPa [17]. Khazaei
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Fig. 1 (a) Structure of layered TizAlC3. (b) Terminated MXene. Reprinted with permission from Ref. [16]. Copyright
© 2014 Royal Society of Chemistry. (c) Schematic showing preparation of MXene from MAX phases. Reproduced with
permission from Ref. [13]. Copyright © 2012 American Chemical Society.

et al. found that semiconducting MXenes attain very
large Seebeck coefficients at low temperatures [18]. These
fascinating properties may lead to important applica-
tions and have attracted much attention from researchers
in various fields. For example, in energy storage, MX-
enes are considered to be strong candidates for electrode
materials [19, 20]. Xie et al. tested MXenes as support-
ing materials for platinum nanoparticles, achieving an
extraordinarily stable catalyst for fuel-cell applications
[21]. Wang et al. found that MXenes exhibited excel-
lent enzyme immobilization abilities with biocompatibil-
ity for redox proteins, which shows promise for applica-
tions in electrochemical biosensors [22].

Given the existence of a previous review on MXene
[23], here, we will focus on the latest progress in the
exploration of MXene, covering both theoretical and ex-
perimental studies, with emphasis on the potential ap-
plications of this class of materials. We also provide an
outlook of future research directions, in the hope that
more researchers will explore this new and exciting ma-
terials field.

2 Preparation

As mentioned above, MXenes are generally prepared by
the selective etching of A layers from their corresponding
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MAX phases at room temperature, using aqueous HF as
the etchant [see Fig. 1(c)]. In the pioneering experiment
[10], Ti3CoT, (T = OH and F) was obtained by extract-
ing the weakly bonded Al layers from the TizAlC2 phase.
The reactions of the HF solutions with TizAlCs include:

TisAlC; + 3HF = AlF3 + 3/2H2 + TizCo, (1)
TizgCsy + 2H50 = TizCy (OH)Q + Ha, (2)
TizCy + 2HF = Ti3CyF5 + Hs. (3)

Reactions (2) and (3) result in OH and F terminations,
respectively. Centrifugation was then performed to sep-
arate the solids, which were then washed with deionized
water. Without delamination, MXenes possess multilay-
ered structures. To obtain single- or few-layer MXenes,
sonication was performed and later replaced by interca-
lation of dimethyl sulfoxide (DMSO), which proved to be
more efficient [24].

This strategy was applied to prepare almost all other
MZXene sheets from Al-containing MAX phases. Notably,
the etching conditions (time and HF concentration) nec-
essary to convert a given MAX phase vary widely, de-
pending on the particle size and temperature. For exam-
ple, reducing the MAX phase particle size by attrition
or ball milling can effectively reduce the necessary etch-
ing time and/or HF concentration [14, 25]. In addition,
discrepancies in M-Al bond energies for different MAX

Jin-Cheng Lei, Xu Zhang, and Zhen Zhou, Front. Phys. 10, 107303 (2015)
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phases also require different etching conditions. For ex-
ample, the larger Ti-Al bond energy in Tiz AlC compared
with the Nb-Al bond energy in NbyAIC resulted in ex-
tended etching time and increased HF concentration [13,
14]. Hence, appropriate etching conditions are necessary
to achieve high yields and complete the conversion of
MAX phases into MXenes.

Recently, Halim et al. proposed the use of ammonium
bifluoride, NH4HF5, as an etchant in lieu of the haz-
ardous HF [26]. Its milder nature and concomitant inter-
calation of cations during the etching process render it
more suitable for preparing delaminated MXenes. As the
etching and intercalation processes occur simultaneously,
it is reasonable to conclude that the following reactions
exist:

TizAlCy + 3NH4HF; = (NHy)3AlFs + 3/2Hy +Ti3Co
(4)

TisCs + aNH4HF5 + bH5O
= (NHj3).(NH4)4Ti3Co(OH),F, (5)

Because of slower and less vigorous reaction processes,
and the intercalation of both NHz and NH, the atomic
layers in Tiz3Cs T, are more uniformly spaced and appear
to be glued together.

Ghidiu et al. reported a new high-yield method for the
simultaneous preparation of many MXene sheets [27].

(a) Etching Washing

In this method, TizCsT, was prepared by dissolving
TizAlCy powders in LiF and HCI solutions, then heat-
ing the mixture at 40 °C for 45 h, and finally washing
the sediment to remove the product and increase the
pH. A clay-like paste formed from this processing; this
could be rolled to produce flexible, free-standing films
with high volumetric capacitance (see the Potential Ap-
plications section, below). The process is schematized
in Fig. 2(a). The resultant flakes were found to pos-
sess larger lateral dimensions with no nanoscale defects,
which are frequently observed in HF-etched samples [28]
[see Figs. 2(b), (c)]. The lack of defects reflects the milder
nature of the LiF + HCI etchant compared with HF. In-
triguingly, other combinations of fluoride salts and acids,
such as NaF, KF, CsF, tetrabutylammonium fluoride
[(C4Hy)4NF], and CaF3 with HCI or H2SOy4, showed sim-
ilar etching behaviors. This one-step etching procedure
is clearly desirable for future explorations.

3 Properties

3.1 Structural properties

In all real situations, MXene is terminated with surface
groups such as F, OH, and O groups after its exfoliation
from the MAX phase. O- and/or OH- terminated MXene
species were suggested to be the most stable, because F
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Fig. 2 (a) Schematic of preparation of MXene clay. (b) X-ray diffraction (XRD) patterns of MXene produced via clay
process. (¢) Transmission electron microscope (TEM) image of several flakes. Reproduced with permission from Ref. [27].

Copyright (© 2014 Nature Publishing Group.
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terminations will be replaced with OH groups upon rins-
ing and/or storing in water [29]. Xie et al. also found
that OH groups can be converted into O terminations
through high-temperature treatments and/or metal ad-
sorption processes [29]. In addition, O-terminated MX-
ene can further decompose into bare MXene when in
contact with Mg, Ca, Al, or other metals [30].

Modeling has been crucial in understanding MXene’s
structure [31]. Early predictions indicated that surface
groups are more likely to be located above the hollow
sites between three neighboring C atoms [32]. However,
later studies showed that the locations and orientations
of surface groups are more complicated than expected
[18]. The exact configurations of surface groups depend
on both their species and the MXene’s constituent ma-
terials. Notably, MXene is usually modeled with uniform
terminating species, which is not realistic. Future mod-
eling is necessary to accommodate the coexistence and
random adsorption of different surface groups within cer-
tain MXenes to more accurately reflect the complicated
structure of this material system. Interlayer interactions,
such as van der Waals forces and/or hydrogen bonding,
should also be taken into account, since multilayer stack-
ing often occurs in reality [33].

3.2 Electronic properties

To this point, the electronic [34], dielectric [35], mag-
netic [36-39], elastic [40], thermoelectric [41], and optical
properties [42] of MXene have been reported via theo-
retical computations. Few experiments have yet strongly
confirmed these predictions. Among these, the electronic
properties have been studied most intensively, and we
will focus on this topic in this section.

Bare MXene species, such as Ti,+1X,,, are known to
be metallic in behavior [17]. However, the metallic prop-
erties weaken as n values increase, due to the formation
of additional Ti-X bonds [42]. In terms of X atoms, tita-
nium nitrides exhibit more metallic properties than tita-
nium carbides do, simply because the N atom possesses
one more electron than the C atom. By contrast, termi-
nated MXene sheets are narrow-band-gap semiconduc-
tors or metals, depending on the species and orientations
of surface groups [32, 43]. To the best of our knowledge,
the six terminated MXenes of TisCOs, ZroCO4, Hf5COo,
ScaCOag, ScaCFy, and ScoC(OH), have band gaps.

However, the band gaps of the first five listed termi-
nated MXene sheets are indirect, while ScoC(OH)2 has a
small direct band gap [18]. For this reason, it is essential
to tune the electronic structure to achieve a direct band
gap, especially in the fields of optoelectronics and op-
tics. Lee et al. investigated the effects of applied strain
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on the band gap of ScaCO2 [44], as strain can change
interatomic distances and the relative positions of atoms
within a material. As the tensile strain increases, the
band gap gradually decreases. At a critical tensile strain,
the indirect band gap tansfers to a direct one. In addi-
tion, they found that ScoCO5 could also experience an
indirect-to-direct band gap transition under an external
electric field, due to the distinction of the responses of
each point in the lowest conduction band to the electric
field [45].

Here, we must emphasize the significance of choos-
ing the correct exchange-correlation functionals in DFT
computations of band gaps, as different results will be
generated based on the chosen functional [46]. Hybrid
functionals, such as HSE06, are known to give more
accurate results in predicting band gaps, and thus are
strongly recommended [38], despite their much higher
required computational capacity.

3.3 Chemical properties

Recently, Naguib et al. found that TizCy;T, oxidizes
in air, COgq, or pressurized water [47]. The oxidation
was found to form anatase TiOs nanocrystals embed-
ded in amorphous carbon sheets (TiO2-C hybrid struc-
ture). Ghassemi et al. studied the oxidation mechanism
through in situ TEM analysis [48]. It was assumed that,
during flash oxidation, the top and bottom Ti layers ox-
idized to form thin anatase nanoparticles; however, dur-
ing slow oxidation, the top and bottom Ti layers were
transformed into sheets of nanocrystalline rutile. As a
result, two different TiO, phases were produced under
the two different oxidation regimes [see Fig. 3].
Similarly, Li et al. found that TizCsT, could react
with O5 to form TiOs in either rutile or anatase phases
[49]. However, the produced anatase nanocrystals were
evenly distributed on the 2D TizCsy layers, as distinct
from the TiOs-C hybrid structure. The discrepancy was
due to the longer reaction time of approximately 40 min,
compared with the < 5 s flash oxidation; the newly
formed carbon was unstable. At high temperatures, the
anatase phase would transform to rutile. Almost simulta-
neously, a similar phenomenon was reported for TioCT,
[50]. With heat treatment, anatase TiOy formed, before
transforming to rutile TiO2 at higher temperatures.

4 Potential applications

4.1 Lithium-ion batteries

Rechargeable lithium-ion batteries (LIBs) are widely

Jin-Cheng Lei, Xu Zhang, and Zhen Zhou, Front. Phys. 10, 107303 (2015)
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Fig. 3 Schematic of the two oxidation mechanisms. Reproduced with permission from Ref. [48]. Copyright (© 2014 Royal

Society of Chemistry.

used as energy storage devices. The ideal LIB possesses
a high Li storage capacity, good cyclability, and high
rate capability, all of which depend on the properties
of the LIB’s electrode materials. Graphite is the most
commonly used anode material, but it suffers from a
moderate specific capacity of 372 mAh/g and poor rate
capability. Extensive research efforts have explored the
development of new anode materials to replace graphite
in LIBs.

Soon after their discovery, the feasibility of using MX-
enes as LIB anode materials was explored [10, 51]. The
theoretical Li storage capacity of TizCs (in the form
of TizCyLiz) was found to be 320 mAh/g, comparable
to that of graphite. Additionally, the predicted diffusion
barrier (0.07 V) for Li on bare Ti3Cs was much lower
than that of graphite (0.3 V), which predicted excellent
high-rate performances for bare MXene [32]. However,
as noted above, all prepared MXene sheets are termi-
nated with surface groups, possibly deteriorating their
performance by induced steric hindrance. Compared
with other terminated MXene sheets, O-terminated MX-
ene was suggested to possess the highest capacity [29, 30,
52].

Experiments have been performed in addition to
computational predictions. TioCT, [51], VoCT,, and
NbyCT,, [14] were reported to possess reversible capac-
ities of 110 mAh/g, 260 mAh/g, and 170 mAh/g at
a rate of 1 C, respectively. However, these values are
lower than that of graphite, and thus require improve-
ment. Intercalation and delamination are both known
to possibly increase a material’s capacity. For example,
after DMSO intercalation, TizC,T, exhibited a capac-
ity of 123.6 mAh/g at 1 C [53], exceeding that of non-
delaminated TizCy electrodes (100 mAh/g) [24].

Accordingly, a TisCs “paper” was made by filter-
ing the TizCy colloidal solution after intercalation with
DMSO and dispersing it by sonication [24]. This paper
electrode displayed a capacity of 410 mAh/g at 1 C,
and maintained a capacity of 110 mAh/g at 36 C af-
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ter 700 cycles. This high capacity significantly exceeds
the maximum theoretical capacity of 320 mAh/g pre-
dicted for TisCy electrodes. This may be explained by
the formation of extra Li layers on the already-lithiated
O-terminated MXene, resulting in further enhancement
of the capacity [29].

Typically, ion intercalation into battery materials will
substantially lower their rate performances, due to diffu-
sion limitations. However, the intercalation of ions into
MZXene occurs at a very high rate, which poses a para-
dox. Levi et al. resolved this paradox by proposing that
cationic insertion occurs so rapidly in MXene that it re-
sembles ion adsorption at the solid-liquid interface; the
adsorbed cations are thus electrochemically inserted be-
tween the partially swollen layers [54]. Based on this con-
jecture, two types of cationic adsorption sites (shallow
and deep) were believed to be filled with ions and water
molecules, which showed a perfect capacitive response
over a wide range of charging rates [54].

To further assess the suitability of using MXene as
electrode materials, external influences such as strain
must be explored, as they may influence MXene’s ca-
pacity by changing its volume. Via DFT computations,
Zhao et al. explored the Li adsorption properties of TisC
in response to the influences of strain and concentration
[55]. Under high strain, the binding energy of Li quickly
decreased, but the diffusion barriers showed little change.
In addition, neither the binding energy nor the diffusion
barriers were visibly influenced by changes in concen-
tration. These computational predictions further demon-
strated the high stability and good rate performance of
MXene as an electrode material.

4.2 Non-lithium-ion batteries

The large-scale application of LIBs has hidden trou-
bles due to limitations on lithium as a natural resource
[56]. Hence, other rechargeable non-lithium-ion batteries
(NLIBs), such as Na-, K-, Mg-, Ca-, and Al-ion batteries
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have attracted growing attention [30, 52, 57]. Each offers
more abundant active material, or doubles the effective
capacity as a result of its multi-electron process. As the
interactions between these metal ions and C atoms are
weak, graphite cannot be used as an anode material in
NLIBs. Consequently, the identification of suitable host
materials is a critical challenge in NLIB research.

Intriguingly, these metal ions can be intercalated into
MXene, which permits the possibility of using MXenes as
anode materials for NLIBs [58]. The computed capacities
for Na, K, and Ca on TizCs are 351.8, 191.8, and 319.8
mAh/g, respectively [57]. Xie et al. measured the initial
discharge capacities of TizCoT, in Na- and K-ion bat-
teries to be 370 and 260 mAh/g, respectively [30]. After
120 cycles, reversible capacities of 80 and 45 mAh /g were
retained for Na- and K-ion batteries, respectively. Yang
et al. investigated the Na storage properties of MaC-type
MZXene via DFT computations, finding a theoretical ca-
pacity of 190-288 mAh/g [59]. These computational and
experimental results clearly demonstrate the feasibility
of MXenes as anode materials for NLIBs.

Multivalent-ion batteries generally exhibit higher
gravimetric capacities, as their multi-electron redox
chemistry prevails over their increased mass. Compu-
tations have also predicted that MXene would possess
exceptionally high capacities for Mg and Al owing to
the multilayer adsorption [30]. Wang et al. experimen-
tally observed the formation of double Na-atomic layers
in the TizCy T, interlayers, confirming the possibility of
multilayer adsorption [33]. Future experiments are neces-
sary to test the adsorption of other multivalent ions and
the use of MXenes as anode materials for rechargeable
NLIBs.

At this juncture, a comprehensive summary is required
regarding the influences of surface groups, transition
metal species, and intercalation ions on the capacity of
MZXene anodes. Eames et al. performed global screen-
ing for high-capacity MXene-based electrode materials
[52]. As expected, MXene species containing light tran-
sition metals (Sc, V, Ti, or Cr) with non-functionalized
or O-terminated surfaces offered the largest gravimetric
capacity. In addition, particular attention to multivalent-
ion batteries was recommended in future investigations.

4.3 Supercapacitors

Supercapacitors provide alternative energy storage for
portable electronics and electric vehicles, but suffer from
lower energy densities compared with batteries. There-
fore, investigations have focused primarily on improv-
ing their energy density per unit volume, i.e., volumetric
capacitances. According to their charge-storage mecha-
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nisms, supercapacitors can be classified as either elec-
trical double-layer capacitors (EDLCs) or pseudocapac-
itors. The former are based on the reversible accumula-
tion of ions at the electrode—electrolyte interfaces, while
the latter rely on fast and reversible surface redox reac-
tions. Generally, pseudocapacitors possess higher volu-
metric capacitances, but lack cycling stability.

Owing to their 2D nature, highly defined geometry,
and large surface areas, MXenes have been demonstrated
as promising electrode materials for supercapacitors. A
TizCo T, paper electrode was reported to possess an ex-
traordinarily high volumetric capacitance of up to 350
F/cm? at 20 mV/s (and 450 F/cm? at 2 mV/s) in KOH
solutions, with almost no degradation after 10 000 cy-
cles at 1 A/g [58]. These values exceed those of almost
all carbon-based EDLCs.

Dall’Agnese et al. chemically modified the surface
state of TizCyT, by intercalation with DMSO, leading
to the delamination of TizCoT, [60]. The delaminated
TisCyT, displayed a high intercalation capacitance of
415 F/cm?® at 5 A/g in an electrolyte of HySOy4, and ca-
pacitances up to 520 F/cm? were recorded at 2 mV /s. As
with the paper TizCyT, electrode, no significant degra-
dation was observed after 10,000 cycles. This enhanced
capacitance can be attributed to the increased surface
area and modification of the surface groups to include
more oxygen-containing functional groups.

Ghidiu et al. utilized rolled films (mentioned in the
Preparation section) as supercapacitor electrodes in
a H2SOy4 electrolyte [27]. The electrochemical perfor-
mances are presented in Fig. 4. A capacitance up to 900
F/cm? or 245 F/g was measured, with no measurable
loss after 10 000 cycles. This improved electrochemical
performance resulted from several factors, including the
smaller size of HT compared with other intercalating
cations, surface redox processes, and improved accessi-
bility to the interlayer space owing to pre-intercalated
water.

Additionally, MXene-based composites may also bear
great potential as supercapacitor electrodes. Recently,
Ling et al. reported the properties of a TisCo T, /polymer
composite film, produced by mixing TizCsT, and
polyvinyl alcohol (PVA) [61]. When used as an electrode,
the composite film exhibited an impressive volumetric
capacitance as high as 528 F/cm?® at 2 mV/s and 306
F/cm? at 100 mV/s in a KOH electrolyte. Although a
slight decrease in capacitance occurred over 10 000 cy-
cles at 5 A/g, the volumetric capacitance of 314 F/cm?
after 10 000 cycles remained significant, indicating the
sufficient cyclic stability of the composite.

Sandwich-like MXene/carbon nanotube (CNT) com-
posite paper electrodes were fabricated through the

Jin-Cheng Lei, Xu Zhang, and Zhen Zhou, Front. Phys. 10, 107303 (2015)
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Fig. 4 Electrochemical performances of rolled MXene films. (a) Cyclic voltammetry profiles at different scan rates. (b)
Comparison of rate performances with HF-produced MXene [58]. (¢) Capacitance retention test. Inset shows galvanostatic
cycling data collected at 10 A/g. Reproduced with permission from Ref. [27]. Copyright (© 2014 Nature Publishing Group.

alternating filtration of MXene and CNT dispersions
[62]. A volumetric capacitance around 345 F/cm?® at 5
A/g was achieved for TizCyT, /single-walled CNT pa-
per with no degradation observed after 10 000 cycles.
In contrast, although a lower volumetric capacitance of
300 F/cm?® was yielded at 10 A/g for TizCqT,/multi-
walled CN'T paper, this value increased to approximately
350 F/cm? after 10 000 cycles, which may have resulted
from the improved accessibility of slit pores. Notably,
these paper electrodes were tested in an electrolyte of
1 M MgSO,4 aqueous solution, which has a rather low
conductivity. Thus, the electrode performances may be
further improved with the use of suitable electrolytes.

4.4 Other applications

MZXene has also been explored in other energy storage
devices. For example, Liang et al. reported that MXene
sheets are excellent sulfur hosts for Li-S batteries [63],
and Wang et al. demonstrated that MXene nanosheets
are promising electrode materials for Na-ion hybrid ca-
pacitors [64]. These research directions deserve extended
future investigations.

In fields other than electrochemistry, MXenes’ unique
structures and properties provide the material class with
many other potential applications, including adsorbents
[16, 65], hydrogen storage media [66, 67], catalyst sup-
porters [21, 68, 69], additives [70, 71], and many others
[72-75]. However, many of these applications are still hy-
pothetical or at the fundamental stage. Future investi-
gations are necessary to confirm the applicability of MX-
enes to these fields, and we will briefly discuss possible
research directions in this section.

Its large and highly accessible hydrophilic surfaces
provide MXene with good adsorption performance, per-
mitting its possible use in adsorbents, similar to other
layered materials. Peng et al. prepared an alk-MXene
(Ti3C2(OH/ONa),F3_,) by the alkalization intercala-
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tion of exfoliated MXene [65]. This alk-MXene displayed
excellent Pb(IT) adsorption performances, with effluent
contents below 2 ug/L. Intriguingly, the exhausted mate-
rials can be efficiently regenerated, with desorbed Pb(1I)
efficiencies up to 95.2%. Mashtalir et al. studied the
adsorption of dyes on TizCqT, [16]. Although the ad-
sorption capacities were smaller than the observed values
typical of commercial activated carbons, more modifica-
tions may improve the adsorption performance, which
should be explored in the future.

Transition metals are strong candidates for improv-
ing the binding energy of hydrogen on sorption-based
hydrogen storage materials, due to the Kubas interac-
tion. Hu et al. computationally investigated the possi-
bility of using TioC as a hydrogen storage medium, as
all transition metals are located in the surface in unsat-
urated coordination states [66]. The results showed that
hydrogen can be adsorbed on both sides of TioC, with
a calculated maximum capacity of 8.6 wt.%, exceeding
the target value of 5.5 wt.%. The hydrogen storage per-
formance of Sc2C was also studied computationally [67].
The result (9.0 wt.%) exceeded even that of TiyC. There-
fore, MXenes may be fascinating materials for hydrogen
storage, pending experimental confirmation.

MZXenes’ 2D nature and large surface areas also fa-
vors the materials for applications as supports or carri-
ers. Li et al. applied TizsCyTy as a carrier for deposit-
ing Ru nanoparticles (Ru/TizC2T3) [68]. The prepared
nanocomposite exhibited excellent catalytic activity for
hydrogen generation via the room-temperature hydroly-
sis of NaBH,. The reported hydrogen generation rate was
59.04 L Hs/gRry-min, exceeding those of other additive-
free Ru-based catalysts at comparable reaction temper-
atures. However, the aggregation of metal particles and
the poisoning of active sites by BO?~ generated during
hydrolysis remain as challenges to be solved. Further im-
provements are necessary for the practical application.

Another nanocomposite, MXene-CuzO, demonstrated
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a higher catalytic activity compared with either MXene
or CugO separately for thermally decomposing ammo-
nium perchlorate (AP) [69]. This enhanced activity was
ascribed to several reasons, including the increased sur-
face areas of CuzO in the presence of MXene, improved
heat transfer due to the good thermal conductivity of
MXene, and the decomposition of reactant molecules ad-
sorbed on the surface of MXene layers, which accelerated
the decomposition of AP.

MZXene species are also potential additives. Yang et al.
tested the feasibility of using TizCyT, as a lubrication
additive in base oils [70]. Layered TizC2 T could greatly
enhance the friction-reduction and anti-friction proper-
ties of base oils, especially under high applied loads. Un-
der high applied loads, Ti3CyT, may form a uniform
lubricant film, which not only has good lubricating ef-
fects, but also avoids direct contact between mechanical
counterparts. Thus, MXenes could potentially be good
candidates as lubricating materials.

5 Summary and outlook

Studies on graphene have generated great enthusiasm in
the exploration of 2D materials. Among these materi-
als, MXene, exfoliated from layered MAX phases, has
received growing interest in recent years. The distinctive
properties of MXene sheets make them promising can-
didates as alternatives to graphene. This review sum-
marizes the latest progress in computational and experi-
mental studies of MXene and reflects the rapid develop-
ment of the MXene research community. The advances
achieved in preparation and properties, together with the
explored applications of MXene, provide a strong impe-
tus to further progress in the characterization and use of
these new 2D materials.

Compared with the intensive studies on graphene,
investigations on MXene are still in embryonic stages.
Many opportunities and challenges exist simultaneously.
These include the preparation of bare MXenes; the ex-
foliation of new MXenes; the studies on their 1D forms
[76, 77]; the practical measurements of their magnetic,
elastic, and optical properties; and their potential appli-
cations. All await further research efforts and increased
understanding. We are convinced that this new class of
2D materials has good potential, and we hope more re-
searchers will explore this area of materials and produce
significant scientific developments.
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