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Transition metal carbides/nitrides (MXenes) are emerging two-dimensional (2D) materials that have been
widely investigated in recent years. In general, these materials can be obtained from MAX phase ceramics
after intercalation, etching, and exfoliation to obtain multilayer MXene nanosheet structures; moreover,
they have abundant end-group functional groups on their surface. In recent years, the excellent high per-
meability, fine sieving ability and diverse processability of MXene series materials make the membranes
prepared using them particularly suitable for membrane-based separation processes in the field of gas
separation. 2D membranes enhance the diversity of the pristine membrane transport channels by regulat-
ing the gas transport channels through in-plane pores (intrinsic defects), in-plane slit-like pores, and
planar to planar interlayer channels, endowing the membrane with the ability to effectively sieve gas
energy efficiently. Herein, we review MXenes, a class of 2D nanomaterials, in terms of their unique struc-
ture, synthesis method, functionalization method, and the structure—property relationship of MXene-
based gas separation membranes and list examples of MXene-based membranes used in the field of gas
separation. By summarizing and analyzing the basic properties of MXenes and demonstrating their unique
advantages compared to other 2D nanomaterials, we lay a foundation for the discussion of MXene-based
membranes with outstanding carbon dioxide (CO,) capture performance and outline and exemplify the
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excellent separation performances of MXene-based gas separation membranes. Finally, the challenges
associated with MXenes are briefly discussed and an outlook on the promising future of MXene-based
membranes is presented. It is expected that this review will provide new insights and important guidance

rsc.li/nanoscale for future research on MXene materials in the field of gas separation.

and membrane-based capture (membrane separation).'*'*

However, some of these methods have shortcomings such as

1 Introduction

With the occurrence of global warming, the level of carbon
dioxide (CO,) in the atmosphere has increased dramatically.
Consequently, this has accelerated a variety of global environ-
mental and biological problems, including the greenhouse
effect, ecosystem disruption, ocean acidification and recog-
nized climate-induced species extinction."”” Therefore,
environmental awareness has gained significant interest
worldwide, prompting the scientific community to find ways to
deal with climate change. In this case, achieving the “double
carbon goal” has become the focus of major strategic decisions
in China, and it is urgent to address the huge impact of the
increasing CO, content in the atmosphere on climate change.
Currently, the commonly used CO, capture methods include
charge modulation,® coupled electrochemical CO, conversion,’
steam regeneration,'® solvent absorption,'’ photocatalysis,*"?
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secondary pollution, low efficiency, high energy consumption,
high cost, and complicated operation and maintenance, which
greatly limit their large-scale practical application.>™"” Among
them, membrane separation is an indispensable gas purifi-
cation technology that can effectively reduce the carbon foot-
print, which is not only a large-scale comprehensive energy-
saving technology but also one of the most effective ways to
capture CO,."®"® Thus, it has been applied in many fields such
as organic dye adsorption, seawater desalination, and osmotic
evaporation.”** In the field of gas separation, membranes
can purify mixtures through selective interactions with target
molecules and the synergistic construction of multiple separ-
ation mechanisms, thus opening up new avenues for the
industrial separation of CO,.>*™° In the past few decades, the
membrane separation technology has been recognized as an
attractive and environmentally friendly carbon capture techno-
logy due to its low cost (capital and operational), ease of oper-
ation, high separation efficiency, energy efficiency, and
environmental friendliness. Its role in solving energy and
environmental challenges in modern industry and daily life is
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important.”””® Membrane materials with good selectivity and
high permeability are the key to achieving efficient membrane
separation.>®*°

At present, several solid-state materials are widely used in
the field of gas separation, which exhibit a good performance,
as shown in Table 1.

In addition to these common materials, with the develop-
ment of scientific research, other types of materials are also
used in the field of gas separation, such as 2D transition metal
sulfides (TMDs).*® In summary, 2D materials with nanoscale
thickness play an important role in membrane separation
technology. In nanomaterial science, 2D nanostructures are
very attractive for the fabrication of nanodevices due to their
high surface-to-volume ratio and good compatibility with
device design.”” Moreover, 2D materials enable the develop-
ment of high-performance separation membranes due to their
planar laminar flow structure, high spreading chord ratio and
tunable surface features. Thus, they are important materials
for advanced molecular separation. The extraordinary per-
meability of membranes prepared using these 2D materials
opens up new avenues for the ultra-fast and highly selective
separation of water and gases. Consequently, an increasing
number of researchers have devoted their efforts to synthesiz-
ing and functionalizing 2D nanosheets in a controlled manner
to obtain materials with enhanced performance.*®7>°

Interestingly, a new group of highly promising 2D materials,
called transition metal carbides and nitrides (MXenes), have
attracted interest from many researchers in the last few years
due to their easy-to-produce 2D structure, tunable surface
chemistry and interlayer spacing. Ti;C,T, was first reported in
2011, and in the decade since, it has been increasingly widely
used in various synthesis procedures and applications.>*>° As
a new type of 2D ceramic nanosheet, MXenes are being investi-

View Article Online

Review

gated and widely applied in the fields of sensors, electro-
chemistry, medicine, biology, energy and electronics.®®™®
Simultaneously, they have also been investigated for practical
applications in various research fields, such as lubricants,
photodetectors, solar cells, energy harvesting and storage, as
shown in Fig. 1.°*7" Presently, MXenes are considered as
molecular barriers with ultra-thin atoms because of their
several atomic-thick layers. Consequently, they can be
employed for the synthesis of outstanding high-performance
barrier separation membranes, thus showing promise for rea-
lizing higher permeability properties.”>”® The unique pro-
perties of MXenes lead to new applications compared to other

Fig. 1 Some of the application areas of MXenes.

Table 1 Solid materials with a wide range of applications and good performances

Material ~ Advantage Prospect Application Ref.
Graphene Single atoms and can be prepared as high Synthesis of high flux Ion-gated graphene film 31
permeability and thin membrane selective gas separation and
membranes 32
GO Hydrophilic 2D crystalline nanostructures Capable of efficient CO, SDBS-modified GO membrane for gas 33
contains oxygen functional groups separation purification technology and
34
2-C3N, 2D layered material, capable of Preparation of high A novel SILM was constructed by IL through 35-37
synthesizing ultra-thin layered selectivity separation nano-constrained [EMIm][AcO] in the 2D
nanochannels with selective loading of membranes channel of g-C3N,
different active ions
BNs High specific surface area, abundant Preparation of high A novel BN nanosheet-supported magnetic 38-40
structural defects, low density and excellent permeability separation ionic liquid membrane (BN-SMILM) was
chemical inertness membranes constructed by confining nano MIL [Pg ¢ 6 14]
[FeCl,] to 2D nanochannels
MOFs Ligand compounds with tunable, Preparation of high Design and preparation of novel MOF-based 41-43
designable and functionalizable permeability and high hybrid films on tubular ceramic substrates to
nanospaces selectivity separation form thin and compact MOF/silicone
membranes nanocomposite films
COFs An emerging class of porous crystalline Achieving efficient CO, Most likely a viable alternative to MOF, thus 44
materials with tailored functionality and capture to mitigate the meeting the multifaceted requirements for and
carefully designed stable and ordered greenhouse effect activation and conversion of CO, 45

frameworks
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2D membrane nanomaterials, such as graphene and zeolites.
Generally, three strategies are employed for the preparation of
MXene-based membranes: (1) MXenes are used as skeleton
materials to directly prepare 2D membranes with a layered
structure; (2) different polymers or nanomaterials are com-
bined with MXenes to prepare composite membranes; and (3)
MXenes are used as coating materials to modify the original
support layer to prepare membranes. The MXene composite
films prepared using the above-mentioned methods possess
randomly stacked adjacent nanosheets, forming disordered
interlayer “nanochannels” for mass transport between them.
The interlayer stacking enables the passage of molecules, thus
achieving the selective separation of large molecular com-
pounds, while also allowing small molecules to move between
the channels, which is a process known as “molecular
sieving”.”*””® MXenes have high energy saving separation per-
formance due to their structure and special chemical surfaces,
and their modifiable property allow the prepared membranes
to exhibit superior performances in a variety of separation
sciences. This has created numerous opportunities for
researchers to fabricate novel materials, such as energy-
efficient membranes for various engineered separations.”” In
recent years, the excellent chemical, mechanical, optical and
separation properties such as remarkable flexibility, hydro-
philic surface, high mechanical strength and good electrical
conductivity of the MXene series materials have made them
suitable for a wide range of membrane-based separation
processes.”®®* Their applications include gas separation, per-
vaporation, desalination and solvent/water separation.®>™%3
Nonetheless, the application of MXenes in gas separation
membranes is still in its infancy.

Herein, we review the research related to 2D MXene nano-
materials and the separation membranes prepared using
them. Firstly, the basic structure, synthesis and functionali-
zation of MXenes are briefly introduced (section 2). Then, the
properties of MXene-based films are summarized and
reviewed, as well as the structure-property relationship (effect
of structure on performance) of MXenes in their design and
fabrication (section 3). Finally, a comprehensive summary of
MXenes is presented, including the gas separation perform-
ance of various MXene membranes, their advantages and dis-
advantages in the field of gas separation, the remaining chal-
lenges that need to be urgently addressed, and the future pro-
spect of this discipline (section 4).

2 Basic structures of MXenes and
methods for their synthesis and
functionalization

In recent years, 2D MXene materials, represented by Ti;C,T,
prepared by etching Ti;AlC, (MAX phase), have attracted great
attention in the energy and environmental fields because of

their large layer spacing, good environmental flexibility and
large specific surface area.®®°° MXenes not only have 2D nano-
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structures with high aspect ratio, but also diverse surface end
groups, which offer the possibility of functionalization.

2.1 The basic structure of MXenes

MXenes are transition metal carbides and carbonitrides or
nitrides with a layered structure obtained by the selective
etching of MAX phase precursors, which are expressed by the
formula M,,,1AX,, (n = 1, 2, and 3) (where M represents early
d-block transition metal, A is the main group element (mainly
ITIA or IVA), and X is C and/or N).”""** As shown in Fig. 2a, the
original MAX phase (Fig. 2d) was prepared by a series of pro-
cesses including etching and layering exfoliation to finally
obtain MXenes for storage. Atomic force microscopy (AFM)
measurements showed that the synthesized MXenes had a
thickness of single flakes of around 1.5 nm, and the lateral
dimensions of the MXene flakes during their synthesis varied
from nanometers to micrometers (Fig. 2b). During the typical
synthesis of MXenes, the MXene stacks (Ti;C, or Ti,C) are
allowed to adhere to each other by etching the MAX precursors
(i.e., TizAlC, or Ti,AlC) in an etching solution (HF or acidic
fluoride) at ambient temperature. This process selectively
removes the Al(A) species and terminates the carbide layer
surface by -OH, -F and -O- groups (Fig. 2c and g). The scan-
ning electron microscopy (SEM) and transmission electron
microscopy (TEM) images also showed that after etching, the
multilayer accordion-like MXenes were stacked together by van
der Waals forces and hydrogen bonding, and the exfoliated
MXene nanoflakes were relatively thin. It showed the basal hex-
agonal structure and the absence of obvious nanoscale
defects and carbide amorphization in the MXene flakes
(Fig. 2e and f).”>°*%7

2.2 Method for the synthesis of MXenes

MXenes, due to their adjustable structure and rich surface
chemistry, have become a versatile material. As a promising
2D material, the physical and chemical diversity of MXenes
endow them a wide range of applications.”® With the develop-
ment of methods for the large-scale preparation of MXene
nanosheets and derivatives, a variety of synthetic routes has
been proposed.>® Synthesis routes with high efficiency lays the
foundation for broadening the application scope of MXene
materials. Since MXenes were first reported in 2011, their syn-
thesis has been rigorously investigated by the scientific com-
munity, including the use of a variety of different physical and
chemical routes. At present, various synthesis strategies have
been developed to etch the MAX phase to achieve rich terminal
groups and unique properties.”>'°° The MAX phase is a three-
dimensional (3D) structure before being etched, and through a
certain etching process, it can be transformed into MXenes
with a 2D lamellar structure.”* As shown in Fig. 3, the etching
method and layering strategy for the synthesis of MXenes are
included. In general, MXenes are synthesized via the top-down
etching process with the layered ternary MAX phase as the pre-
cursor, and the “A” layer is selectively etched from the MAX
phase with an appropriate etchant.'®® The MAX phase will
break the chemical bond between the M and A elements

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) MXene preparation process. (b) AFM of TisC,T, MXene flakes. Reprinted with permission.”® Copyright 2018, Springer Nature. (c) XPS
survey of TizC,T, MXene. Reprinted with permission.” Copyright 2018, Elsevier. (d) SEM of TizC,T, MAX phase. (e) SEM of multilayer TisC,T, MXene.
Reprinted with permission.®* Copyright 2012, the American Chemical Society. (f) TEM of TisC,T, MXene flakes. Reprinted with permission.95
Copyright 2016, the American Chemical Society. (g) EDX of TizC,T, MXene. Reprinted with permission.°® Copyright 2018, Elsevier.
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Fig. 3 Currently reported etching methods and layering strategies for the synthesis of MXenes.

This journal is © The Royal Society of Chemistry 2023 Nanoscale, 2023, 15, 4170-4194 | 4173


https://doi.org/10.1039/d2nr06625d

Published on 27 2023. Downloaded on 20.04.26 5:54:38.

Review

during the etching process, and then the A elements are
etched away. The M—-X bond is stronger and has the character-
istics of covalent/metal/ionic bond hybridization, while the M-
A bond is essentially a metallic bond.'”* Under high-tempera-
ture conditions, both the M-A and M-X bonds are broken,
forming a rock-like 3D structure.®* Moreover, when etching
with a strong corrosive etchant, both M and A elements are
etched away and carbide derivatives are formed. Consequently,
both etching methods should be used selectively to etch the A
elements to obtain the target MXenes. Presently, dozens of
MXenes with different configurations have been successfully
synthesized. Understanding the different effects of using
different etching methods and etchants on the structural
characteristics and defects of MXenes is crucial in improving
the performance of MXenes, optimizing the etching schemes
and further exploring new MXene compositions. Also, the
MAX phase is an important precursor for obtaining MXenes in
high efficiency and high yield. Consequently, a variety of
etching solutions has been used as etchants to date, including
aqueous hydrofluoric acid (HF),”*'%*'°* ammonium hydrogen
fluoride (NH,HF,) is dissolved in water,”®'%"'% and lithium
fluoride (LiF)/hydrochloric acid (HCI) mixtures,'**"0%112
Different etching conditions will lead to different MXene sheet
sizes, synthetic yields, and surface-terminated functional
groups, and these characteristics will also affect the physical
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properties and the chemical properties of the final synthesized
MXenes.”? Considering the diversity of MXene synthesis strat-
egies, several commonly used MXene preparation methods are
introduced here, including direct hydrofluoric acid (HF)
etching and in situ HF etching.

2.2.1 The direct HF etching method. When HF etching is
used, almost all the Ti;AlC, particles can be etched to become
Ti;C,T, in sufficient time because the etching of the precursor
crystals will break the particles into smaller crystals along the
grain boundaries.”® HF is the first reported etchant to obtain
MXene from its corresponding MAX precursor. In 2011,
Gogotsi and Barsoum et al. found that the Al atomic layer in
Ti3AlC, can be selectively etched in 50% HF to obtain accor-
dion-like Ti;C,T, under interlayer van der Waals forces and
surface hydrogen bonding. This is due to the presence of Al in
the MAX phase, which is highly reactive with -F. The etching
mechanism of this process is shown in Fig. 4a."*® It is note-
worthy that the MXenes obtained using this etching process
possessed abundant surface end groups such as -F, -OH and
-0. The etching process can be defined as eqn (1)-(4), as
follows:"**

3
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Fig. 4 Principle and product characterization by HF etching. (a) Schematic diagram of the exfoliation process of TizAlC,, showing the substitution
of Al atoms by —OH after reaction with HF. (b) XRD images of TizAlC, and ultrasonically exfoliated nanosheets before and after HF treatment.
Reprinted with permission.'** Copyright 2011, John Wiley and Sons. (c) SEM images of: (i) TizAlC, particles, which are typical of the unreacted MAX
phase, (i) TizC,T,, (iii) Ti,CT,, (iv) TazCsT,, (v) TiNbCT,, and (vi) TizCNT,. Reprinted with permission.94 Copyright 2012, the American Chemical

Society.
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Ti3C2 + 2H20 = Ting (OH)Z + HZ (3)

TisCZ + 2H20 = Tlng(Oz) -+ ZHZ (4)

Fig. 4b shows the XRD spectrum of MAX during etching. It
can be clearly seen that after reacting with HF, the character-
istic peak of TizAlIC, at about 39° disappeared, and the (002)
peak also shifted to a smaller angle. It can be calculated from
the following Bragg eqn (5) that the etching process increased
the original interlayer spacing of Ti;AIC,.""

niA = 2d sin 0 (5)

where d (nm) is the layer spacing; n is the number of diffrac-
tion levels (n = 1); 4 is the diffraction wavelength of X-rays; and
0 is the diffraction half-angle. Fig. 4c shows the Ti;AIC, MAX
phase and MAX derivatives such as Ti;C,Ty, TiyCTy, Ta,CsTy,
TiNbCT, and Ti;CNT,.”* It can be seen from this figure that
although these products are different, they all presented an
accordion-like multilayer structure, which indicates that HF
etching is universal for the preparation of MAX phase contain-
ing Al

In the etching process, the HF concentration, etching temp-
erature and etching time have important effects on the etching
degree and morphology of products. Alhabeb et al. studied the
etching of Ti;AlC, at room temperature (RT) using HF etchants
with different concentrations and different etching times (e.g.,
5 wt% 24 h, 10 wt% 18 h, and 30 wt% 5 h). The results showed
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that the etching time of MAX was shortened and the etching
efficiency was improved under the condition of high HF con-
centration. The morphology of the 5 wt% HF-etched product,
as shown in Fig. 5a, was almost the same as that of the Ti;AlC,
precursor. The XRD image, as shown in Fig. 5b, shows the
formation of Ti;C,T,, which indicated that the formation of
the accordion morphology was not a sign of the successful
etching of MAX to obtain MXene.”® Although the morphology
of Ti;C,T, etched with HF at different concentrations was
obviously different, the characteristic (002) peak of the product
was also located at 9.0°, and the interlayer spacing was 9.7 A,
reflecting that there was no relationship between the fluffiness
of the accordion-like structure and the interlayer spacing of
the MXenes. Additionally, given that the surface end groups of
Ti;C,T, were formed during the etching process, the concen-
tration of HF had a great influence on the type and content of
surface end groups.'® As shown in Fig. 5¢, the characteristic
(00!) peak of Ti;AlC, gradually disappeared when the etching
time was extended and the etching temperature was increased.
TizAIC, was etched in 50 wt% HF for 2 h, and the character-
istic peak at around 39° completely disappeared when the
temperature reached 50 °C. To obtain the same result, com-
plete etching of Ti;AlIC, was achieved by simply extending the
etching time to 15 h at room temperature. In addition, the
(002) peak of the prepared Ti;C,T, shifted to a lower angle
with an increase in the etching time, indicating that the inter-
layer spacing gradually increased.'® Hence, when using this

L

_30°C

(b) NH4-Ti3CoTy (C) |
‘ g 1 65°C I
3 s - |
J\ . . J . L./ \ \ A 19 hr
§ 30F-TigCoTy | =4 O | P S .\ ‘ A
| g 5 1/ |
S @ A . M | J A A
LA 3 8 o gl LMl s el hafa et D
S e El Ll
F OF-TisCoTyx| & sc S 10hr
z || 2 21
4 | 2 21/
e - g1 s
= €

g & g | N,
A 4/ A I, 20°C /| Al ;2
D i T S— D

A

(D N P S, S,

5 . . +8Ti,C,(OH), - #8Ti,C,(OH).
g TigAIC2 i l T A o 1 eTiAlC,
11 . o] *TOF, 11 . *TiOF
AL L T T | Al (] Dastrad
10 15 20 25 30 35 40 45 50 10 15 20 25 30 35 40 45 50
10 20 30 40 50 60 ° °
2-Theta (deg.) 2 Tetha () 2 Tetha (°)

Fig. 5 Influence of different synthesis parameters on MXenes studied using the HF etching method. (a) Scanning electron microscopy images of
TizAlC, (MAX) powder, showing dense layered structures and multilayer TisC,T, powder synthesized from 5, 10 and 30 wt% HF. (b) XRD spectra of
TisC,T, MXene powder and TizAlC, powder synthesized from 5, 10 and 30 wt% HF etchants. Reprinted with permission.°® Copyright 2017, the
American Chemical Society. (c) Diffractograms were obtained after etching the TizAlC, powder using 50% HF solution, with diffractograms at
different temperatures on the left and diffractograms at different times at room temperature on the right. Reprinted with permission.1°# Copyright

2013, Elsevier.
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method to synthesize MXenes, an appropriate HF concen-
tration, etching time, temperature and other conditions
should be selected according to different product require-
ments to better achieve the desired goal.

The HF etching method is simple, performed at low reac-
tion temperature, and suitable for etching the MAX phase con-
taining Al and some non-MAX phases. Nevertheless, HF etch-
ants are an issue because of their high corrosion, toxicity,
operational risks and adverse environmental impact.
Moreover, the surface of the etched product has a large
number of -F groups, which are not favorable for energy
storage.''”118

2.2.2 In situ HF etching methods. To solve the corrosion
problem of direct HF etching, it is necessary to explore and
develop mild, non-toxic and environmentally friendly etching
methods. Currently, fluoride salt mixed with acid etching has
become a mature MAX phase etching method. This method
involves the formation of HF in situ and the reaction between
-F and the MAX phase containing Al due to the high reactivity
of -F with the Al atom of the MAX precursor to form fluorine,
H, and target MXenes. Employing different types of fluoride
salts, the interlayer spacing of MXenes can be adjusted to
meet the expected application requirements. With the develop-
ment of research, other fluoride salts besides LiF have been
used as etchants. Liu et al. mixed hydrochloric acid (HCI) with
various fluoride salts (i.e., LiF, NaF, KF, and NH,F) to form a

Etching Washing

(@)

Ti,AIC, TigC,T, ‘Clay’

(d)

v ‘ Rolling Shaping (b) ’

View Article Online

Nanoscale

mixed solution for etching TizAlC,."*® The reactions of both
fluorinated salts and hydrochloric acid to form HF in situ can
be described by eqn (6), as follows:

LiF(aq) + HCl(aq) = HF(aq) + LiCl(aq) (6)

Due to the fact that the in situ HF etching process avoids
the direct use of HF, this method has the advantages of simple
operation, energy saving, and avoiding certain chemical risks
during the etching process.

Acid/fluoride salt etching is the most common method for
in situ HF etching, which refers to the selective etching of
TizC,T, on the MAX (Ti3AlC,) phase with hydrochloric acid
and fluoride salt.'®*'°” When HCI/LiF is used as the etchant,
the Li" ions can be spontaneously embedded between MXene
layers. The intercalation of the metal ions increases the layer
spacing between the MXene sheets, thus weakening the inter-
action between them, which eventually leads to the delamina-
tion of the MXene sheets during the washing process after
they are etched.’® In 2014, Ghidiu et al. first reported that HF
was formed in situ with HCI/LiF solution at 40 °C for etching
TizAlC,."*° This method had successfully produced TizC,T,
conductive clay with strong plasticity, which could be pro-
cessed into films by rolling (Fig. 6a). The rollable MXene clay
exhibited excellent elasticity, ultra-high toughness and good
hydrophilicity, and it could be easily bent into an “M” shape
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Fig. 6 Typical morphology and properties of TizAlC, etched by HCI/LiF mixture etchant. (a) MAX phase is etched in a solution of acid and fluorine
salts and washed with water to bring the pH to neutral, obtaining a clay-like deposit that produces a conductive object of the desired shape after the
operation. (b) Digital photograph showing the morphology of rolled TizC,T, “clay” films. (c) Electrical conductivity of TizC,T, “clay” films. (d) Contact
angle measurement of TizC,T, “clay” films. (e) Multi-layer MXene particles. Reprinted with permission.'?® Copyright 2014, Springer Nature. (f) XRD
patterns of TisC, before and after drying at 80 °C. Reprinted with permission.’?! Copyright 2013, The Royal Society of Chemistry. (g) Schematic
diagram of the synthesis of TizC,T, MXene nanosheets. Reprinted with permission.*?* Copyright 2022, Elsevier.
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and the electrical conductivity could be sustained up to 1500 S
em™' (Fig. 6b-d). Similar to the process of direct HF etching,
the process of forming HF etchant in situ with HCI/LiF for the
synthesis of MXenes not only produced a multi-layer accor-
dion-like morphology (Fig. 6e), but also enabled the surface of
MXenes to be functionalized to produce rich surface terminal
groups, such as -F, -OH, and -O. However, given that the
latter reacts with acid and salt solution to produce HF, the
obtained MXenes were inevitably accompanied by the inser-
tion of water molecules, which led to a longer drying time for
the product. The interlayer spacing of the MXenes obtained by
in situ HF-forming etching was significantly reduced after
drying due to the disappearance of water molecules inserted
between the layers during the etching process (Fig. 6f)."*"'??
The type of surface end base has a great effect on the interlayer
spacing. This is due to the strong hydrophobicity of -F, which
repels water molecules, making the interlayer spacing of
MXene negatively correlated with the number of -F.
Specifically, when the content of —F group increases, the inter-
layer spacing of the MXene will decrease. Zhu et al. also used
the LiF/HCI etching method to prepare MXenes, as shown in
Fig. 6g."** Briefly, 1.6 g of LiF was mixed with 20 mL of 9 M
HCI. Subsequently, 1 g of Ti;AIC, powder was added to the
mixture and stirred continuously at 35 °C in a Teflon bottle for
24 h. After the etching process, it was washed repeatedly with
deionized water to pH = 4-6. Finally, the product was sonicated
under flowing inert gas conditions to obtain a layered TizC,T
MXene suspension. In this work, given that LiF was relatively
mild, it reacted with HCI to produce HF in situ. Thus, the
danger associated with the direct addition of HF was avoided
and the safety of the experiment improved.

HF is not only volatile, but also dangerous to use. However,
it can be replaced by the relatively mild NH,HF,. For the
method of etching with NH,HF, solution, Kim et al first
added Ti3AlC, powder to an NH,HF, solution and stirred it at
room temperature for 24 h, and then washed the product to
obtain etched MXenes."*® In 2014, Barsoum et al. reported the
fabrication of TizC, films by selectively etching Al in epitaxial
Ti;AIC, films deposited by sputtering using NH,HF, as the
etchant.'® The etching mechanism of this process can be
summarized as eqn (7) and (8), as follows:

. . 3
T13AIC2 + 3NH HF, = (NH4)3A1F6 + TizC, + EHZ (7)

Ti;C, + aNH,HF, + bH,0 = (NH;),(NH,),TizC,(OH),F, (8)

Given that fluoride salts are solid at high temperatures,
they have a higher level of safety during operation compared to
hydrogen fluoride. However, to date, this above-mentioned
method has only been proposed for etching Ti;AIC, and has
not been explored for other MAX phases.

Feng et al. used NH,HF, as the etchant and obtained an
MXene with a large interlayer spacing. When Ti;C, was used
as the electrode, the large layer spacing provided more space
for ions to be embedded to store ions.'*® In this work, high-
purity TizC, MXene was prepared via a simple method, and
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the acquired Ti;C, had a large layer spacing. Similar to the use
of fluoride salts, NH," could increase the interlayer spacing by
inserting MXene nanosheets.'®” The Ti;C, etched by NH,HF,
in this work exhibited an outstanding pseudocapacitance per-
formance, which was 34% higher than that etched by HF.
Thus, NH,HF, etching can produce TizC, electrodes with
excellent regeneration performance, which provides an
effective way to improve the desalination performance of
capacitive deionization technology.

In addition to the above-mentioned two in situ HF etching
methods, there are other methods with similar principles for
etching MAX phases. For example, Wu et al. reported a new
mixed etchant, namely, NH,F mixed with a low eutectic mixed
solvent of choline chloride and oxalic acid, and then etched
the MAX phase at different temperatures for 24 h via the
hydrothermal process.'”® In this process, oxalic acid reacted
with NH,F to produce HF and destroy the Ti-Al bond in
Ti3AlC, to form multilayers of Ti;C,T, MXene. While chloride
ions were inserted in the interlayer of MXenes, the layer
spacing increased. Wu and colleagues synthesized a TizC,T,
MXene with inhomogeneous layering by CoF,/HCI etching due
to the intercalated AI>* and Co®" acting as the backbone of the
interlayer spacing of MXene layers.'®® In this study, the effect
of the etching environment on the composition, interface,
structure and thermodynamic properties of the TizC,Ty
MXenes was investigated. Compared with HF/HCI, CoF,/HCl
etching had more advantages, such as endowing Ti;C,T,
MXene with a wider interlayer distance distribution, increasing
the number of intercalated cations, and reducing the degree of
hydration. In addition, the increased interlayer space, size het-
erogeneity and reduced hydration led to a reduction in the
interlayer van der Waals force interactions and weaker
hydration effects. Thus, MXene with intercalated metal cations
had a lower exothermic enthalpy (AH¢). The results of this
work further deepen the understanding of the energy, struc-
ture and interface properties of MXene.

MXenes, an emerging and promising class of 2D nano-
materials, have been intensively investigated by researchers
since they were first reported in 2011. According to the
different requirements of MXene material structure in
different application fields, there are many methods to etch
MXenes. Although most of the more commonly used etching
methods rely on etchants, the use of etchants will have an
impact on the etching results to some extent.** In addition to
the direct HF etching and in situ HF etching introduced above,
there are many etching methods, such as electrochemical
etching, alkali etching, and molten salt etching. In 2021, Luo
et al. reported a simple one-step molten salt etching method
for the preparation of Co-modified MXene."*" This method
was also the first to use a non-fluorochemical method to
obtain MXene with the ends completely wrapped in Cl. This
experiment proved that the method had the unique advantage
of using Cl as T,, which can effectively impr