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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

This journal is © The Royal Society of Chemistry 2023


http://rsc.li/nanoscale
http://orcid.org/0000-0001-5104-1564
http://crossmark.crossref.org/dialog/?doi=10.1039/d2nr06625d&domain=pdf&date_stamp=2023-02-28
https://doi.org/10.1039/d2nr06625d
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR015009

Published on 27 1 2023. Downloaded on 2026-02-13 11:19:04.

Nanoscale

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-
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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.
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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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6000600
(o000 0 0 0]
006000

‘e‘0‘0‘0’ s
(o o000 0 0]

View Article Online

Nanoscale

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
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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.

This journal is © The Royal Society of Chemistry 2023

Nanoscale, 2023,15, 4170-4194 | 4175


https://doi.org/10.1039/d2nr06625d

Published on 27 1 2023. Downloaded on 2026-02-13 11:19:04.

Review

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
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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 improve the electro-
chemical performance of MXenes."? In the case of the electro-
chemical etching method, it reduces the adverse effects of the
etchant on the product given that it avoids the use of an
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etchant. Yang et al. demonstrated an efficient fluorine-free
etching method using anodic etching with TizAlC, as the pre-
cursor.’® The etching process was defined by eqn (9), as
follows:

T13A1C2 —3e” +3ClI" = Ting + AlClg (9)

The rapid synthesis of MXene at room temperature was
achieved by electrochemical etching, and it was also confirmed
that the MXene obtained by electrochemical etching has good
capacitive performance in all solid-state supercapacitors, indi-
cating that the MXene obtained by this method was superior
to that obtained by LiF/HCI etching. The formation of Ti-F
bonds and Ti-O bonds during etching indicated the selective
etching of Al. By etching with this method, stripped TizC,Ty
nanosheets without any -F terminal functional group could be
obtained due to the fluorine-free etching. The use of this
method further broadens the application path of MXenes in
electrochemistry.

2.3 Functionalization methods of MXenes

MXenes are versatile materials with a wide range of appli-
cations due to their surface tunability and terminal chemical
activity.”**'** The surface of MXenes is usually negatively
charged due to the presence of -F and -OH groups. Thus, a
positively charged compound can be attracted to the MXene
surface by electrostatic attraction. For example, positively
charged polymers (polyvinylpyrrolidone (PVP) and polyethyl-
eneimine (PEI)) were adsorbed on the surface of MXenes.'?*
Generally, the surface of MXenes can be functionalized by
electrostatic attraction, physical adsorption and covalent bond
formation. Surface functionalization has a direct effect on the
electronic state of MXenes, which induces electronic behavior
and affects their function.*® The surface end groups of
MXenes also have a significant effect on their physicochemical
properties. These surface groups can saturate the non-bonded
valence electrons of transition metals through their low-energy
orbitals, and thus contribute to structural stability."*”
Consequently, the surface diversity of MXenes can be modu-
lated by controlling the synthesis conditions, such as the
chemical potential of different precursors and/or the pH of the
solution.”® In many microporous solid media used as adsor-
bents or membranes, to overcome the trade-off effect that
exists between adsorption capacity (or permeability) and
selectivity in separating challenging gas mixtures, scientists
have modulated the surface properties of porous media to
enhance the interaction of the adsorbent surface with a
specific component, thereby increasing the adsorption
capacity for the component.’*® Meanwhile, the selectivity can
be changed by adjusting the pore size of the solid media, thus
providing molecular sieving capabilities, such as carbon mole-
cular sieve (CMS) materials."*® Previous reports have shown
that the surface modification of adsorbents can introduce
various functional groups on the adsorbent surface, which can
improve the dispersibility and adsorption capacity.'**"'*?
Taking graphene as an example, graphene has various appli-
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cations, such as gas sensors, batteries, hydrogen storage and
adsorbents.**™'%¢ For a long time, it has been extensively dis-
cussed due to its outstanding adsorption properties. It can
adsorb organic compounds, particularly for potential appli-
cations associated with common hazardous substances.
The process of transforming graphene into graphene oxide
(GO) through surface modification is relatively convenient and
advantageous for different applications.'*® Accordingly, Yu
et al. prepared GO nanosheets and used them in the biological
field for the elimination of the typical antibiotic resistance
genes (ARGs). GO nanosheets were effective in removing ARGs
due to the high-energy adsorption sites on GO, such as
oxygen-containing groups and conjugated II-sites. In
summary, GO has great potential for material functionali-
zation. Several methods for the functionalization of MXenes
are presented in detail below.

2.3.1 Hydroxyl group (-OH) functionalization. Hydroxyl
groups can provide abundant alkaline sites, which facilitate
the adsorption and activation of acidic CO, molecules.
Consequently, the surface alkalinization of MXenes creates
abundant CO, adsorption and activation sites, which signifi-
cantly enhance their activity. Theoretical analysis confirmed
that hydroxyl-functionalized MXenes have extremely low work
functions, and also demonstrated that the structure of
hydroxyl-functionalized MXenes is more stable compared to
the pristine MXenes."*°

In 2018, Wang et al. reported for the first time that a tita-
nium carbide (Ti;C,) MXene and commercial (P25) were used
as a highly efficient non-noble metal co-catalyst for photo-
catalytic carbon dioxide reduction. The discovery in this work
provided a new and highly active alternative to the common
non-noble metal auxiliary catalysts for the photocatalytic
reduction of carbon dioxide.'**

MXene and P25, alkalized MXene and P25 were mixed
evenly through magnetic stirring to obtain TC/P25 and TC-OH/
P25 hybrids, respectively. As shown in Fig. 7a, the character-
istic diffraction peaks of TC-OH/P25 were not found in the
XRD pattern, which was due to the relatively low mass content
of TC-OH in the hybrids and the weak crystallization. In
addition, the diffraction peaks in the spectrogram indicated
that the mixing of P25 with TC or TC-OH did not change its
phase composition and crystal structure. Transmission elec-
tron microscopy (TEM) images (Fig. 7b) showed that the P25
nanoparticles were loaded on 2D TC-OH. According to the
magnified HRTEM image shown in Fig. 7c, the plane space
corresponding to the approximate distance between adjacent
lattice stripes shows that there was a close interaction between
P25 and TC-OH, which was more conducive to forming a con-
nection between them. The activity of the TC-OH/P25 catalyst
was further enhanced compared to TC/P25 due to the modifi-
cation of TC by hydroxyl groups. As shown in Fig. 7d, 5TC-OH/
P25 was 3 and 2.77 times more active than P25 alone for CO
and CH,, respectively. The graph showed the adsorption be-
havior of CO,. The absorption of CO, by TC-OH at room temp-
erature was significantly higher than that of TC, indicating
that the CO, molecules were more easily adsorbed on the
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Fig. 7 (a) XRD patterns of TizAlC,, TC, TC-OH particles and TCOH/P25 hybrids. (b) Typical SEM image of the 5TC-OH/P25 mixture. (c) HRTEM
images of the interfacial structure of TC-OH and P25 NPs. (d) Under the irradiation of a 300 W xenon lamp, the release rate of CO and CH, on P25,
5Pt/P25, 5TC/P25, 5TC-OH/P25. (e) CO, adsorption behavior of TC and TC-OH. (f) Side view of CO, adsorption models on 2 x 2 x 1 TC-F and 2 x 2
x 1 TC-OH super-cell. Reprinted with permission.>! Copyright 2018, John Wiley and Sons.

surface of TC-OH. The adsorption energy of CO, on TC-F was
—0.13 eV, which was much higher than that of CO, on TC-OH
of —0.44 eV (Fig. 7e and f, respectively). It is obvious that the
higher adsorption capacity of TC-F for CO, was due to the
lower adsorption energy of CO, on TC-OH. In this work, the
successfully improved the photocatalytic CO,
reduction activity of P25 by using the Ti;C, MXene, a cocatalyst
without noble metals. In particular, the surface alkalinization
of Ti;C, MXene further significantly improved the photo-
catalytic activity and the selectivity for CH, release. The data
showed that alkalization of the MXene could make its surface
functional and significantly improved its performance in
applications.

Furthermore, Sun et al. prepared multilayer Ti;C,T, MXene
by selectively etching the Al layer of TizAlIC, with hydrofluoric
acid according to the literature. Then, the alkaline intercala-
tion of the Ti;C,T, MXene was completed by magnetic stirring,
filtering, washing and drying with LiOH, NaOH and KOH solu-
tions, respectively. Finally, three types of alkylated MXene,
LiOH-Ti;C,Ty, NaOH-Ti;C,T, and KOH-Ti;C,T,, were syn-
thesized." In this work, some of the alkali-treated Ti;C,T,
MXenes were characterized and their adsorption properties for

authors

dyes were examined. As shown in Fig. 8a and b, the low peak
width intensity in the XRD spectrum of pristine Ti;C,T,
showed that the Al in Ti;AlC, was etched, leading to reduced
crystallinity. After treatment with LiOH, NaOH and KOH, the
characteristic peaks of Ti;C,T, became significantly stronger.
In addition, the (002) peak at 9.0° obviously shifted to a lower
angle, which indicated that the introduction of additional ion
pairs in TizC,T, not only expanded its structure, but also
increased the uniformity of the lamellae, especially NaOH-
Ti3C,T, and KOH-Ti3;C,T,. As shown in Fig. 8d(i-iii), the SEM
micrographs of Ti;AlC, and Ti;C,T, clearly showed that the

This journal is © The Royal Society of Chemistry 2023

morphology of Ti;AIC, changed from a dense layer structure to
a stacked sheet material with different thickness after HF solu-
tion etching. The thickness of the sheets of the Alk-Ti;C,T,
lamellar structure varied widely, and the SEM image of LiOH-
Ti;C,T, showed that the sheets were stacked but had many
large gaps; the thickness of the NaOH-Ti;C,T, sheets was
similar to that of the original Ti;C,T,; and the multilayer
sheets of KOH-Ti;C,T, were not only thicker but also had
narrow stacking gaps (Fig. 8d(iv-vi)). The different MXene
forms may also affect the adsorption properties for dyes. As
shown by the HRTEM images in Fig. 8e-h, the pristine TizC,T,
was multilayered and the monolayer thickness of MXene
increased after the alkalization treatment due to the intercala-
tion of alkali metal ions. Fig. 8c showed that with time, all
three types of Alk-Ti;C,T, had a faster MB removal rate than
the pristine Ti;C,T,. This work demonstrated that Alk-TizC,T,
obtained by alkaline treatment could significantly expand the
layer spacing of MXenes and its surface functional groups were
transformed, thus improved the adsorption capacity of
MXenes.

2.3.2 Amino (-NH,) functionalization. The surface of
MXenes can be functionalized, providing a wider design space
for their exploration. Research has showed that the introduc-
tion of amino terminal groups on the surface of MXenes for
their functionalization can produce MXene-based films with
higher performance, which is also an effective strategy to
improve their performance.

Xu et al. successfully introduced amino end groups on the
surface of TizC, MXene using a simple sealed thermal
method, in which the amination process mainly replaced the
hydroxyl groups on the surface of the pristine MXene with
amino groups.'*> In this work, the Ti;C, MXene was obtained
by etching Ti;AIC, powder with LiF/HCl solution. Then,

Nanoscale, 2023, 15, 4170-4194 | 4179


https://doi.org/10.1039/d2nr06625d

Published on 27 1 2023. Downloaded on 2026-02-13 11:19:04.

View Article Online

Review Nanoscale
(a) g (b) (©) 1004 o 4 & & —a
Lnuxnm ‘ ¢
= A I — : |3 _ 80 g
:i £ NLCKOHTLCT, e V| © 0.576 nm 2 o v 7
= e r 2 60 v
2 - > 8 v—
% NOH-TICT 1| G [ o = v
c 5 2 40 - 4
Qo = M £ -
£ LioH-TiCT | | = 2,1 I
M TiCT, I (e SIS 3 ‘
T T T T T T T T T 0 T T T T T T T T T
10 20 30 40 50 6 9 12 15 0 20 40 60 8 100 120 140 160 180
Two theta (degree) Two theta (degree) Time (min)
20 nm
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TizC,T, and various alkalized TizC,T,: (e) TizC,T,, (f) LIOH-TizC,T,, (g) NaOH-TizC,T, and (h) KOH-TizC,T,. Reprinted with permission.152 Copyright

2018, Elsevier.

ammonia water with a certain pH was added to the obtained
MXene, it was shook well, and then ultrasonicated and centri-
fuged. Next, the Ti;C, MXene suspension containing a few
amination layers was placed in the reaction still and heated at
70 °C for 4 h. Finally, it was washed and centrifuged to
neutral, and the obtained precipitate was freeze-dried to
obtain MXene-NH, nanosheets (Fig. 9a). The AFM and TEM
images showed that the MXene-NH, nanosheets were not only
uniform in size and thickness but also ultra-thin (Fig. 9b and
c). In the XRD spectra, the shift in the (002) characteristic
peaks indicated a decrease in the d-spacing of MXene-NH,
compared to the pristine MXene, verifying the change in the
morphology and chemical composition of the pristine MXene
and MXene-NH, nanosheets (Fig. 9d). As shown in Fig. 9e, the
UPS spectra of the conventional MXene and MXene-NH,
nanosheets confirmed that the electron transport behavior of
MXene-NH, films was still higher, although the work function
of MXene-NH, increased. Likewise, the conductivity of the
pure MXene-NH, film reached 21100 S m™, but it was
reduced by 82.5% compared to the conductivity of the conven-
tional MXene film; nevertheless, its value was still quite large
(Fig. 9g). The high conductivity of the MXene-NH, film indi-
cated its high electric power supply and good electromagnetic
interference shielding effect (SE). The EMI SE value of the
pure MXene-NH, film in the X-band exceeded 60 dB.
Compared with pure traditional MXene films, the EMI SE of
MXene-NH, was only 5 dB lower, which shows its application

4180 | Nanoscale, 2023,15, 41770-4194

potential (Fig. 9f). As shown in Fig. 9h, the CMC molecule had
strong mechanical properties due to the formation of hydro-
gen bonds between it and conventional MXenes. When the
CMC molecules and MXene-NH, nanosheets formed a thin
film, stronger covalent bonds were formed between them in
addition to the normal hydrogen bonds, which made the
CMC/MXene-NH, film simultaneously exhibit excellent flexi-
bility, thus enhancing the tensile properties of CMC/MXene-
NH,, and its mechanical properties were also improved. In
summary, all these results indicate that the introduction of
amino terminals on the surface of Ti;C, MXene endows it
excellent mechanical properties, which not only optimizes the
properties of the original product, but also further expands its
application scope.

Zhang et al. considered that the lack of active adsorption
sites definitely affects the adsorption performance of ordinary
MXene adsorbents, and thus it is necessary to functionalize
the surface of MXenes to optimize their performance. In this
work, the researchers prepared a novel MXene-based adsor-
bent (Ti;C,-SL) by combining Ti;C, terminated with a conju-
gated amino group and sodium lignosulfonate through a
simple substitution reaction with hexachlorocyclotriphospho-
nitrile (HCCP) as the linkage point.">* Through detection,
TizC,-SL could be used as an adsorbent to adsorb doxorubicin
hydrochloride (DOX). Experiments showed that Ti;C,-SL could
adsorb DOX rapidly and its adsorption amount was signifi-
cantly higher than that of the unmodified Ti;C,, which was

This journal is © The Royal Society of Chemistry 2023
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about four times that of the original Ti;C,. Furthermore,
Ti;C,-SL had a good application prospect in removing environ-
mental pollutants due to its simple preparation process and
significant performance enhancement, and thus this work will
significantly advance the environmental applications of
MXene-based composites.

Soroush et al. used [3-(2-aminoethylamino)-propyl] tri-
methoxysilane (AEAPTMS) for the amino functionalization of
the surface of Ti;C,T, MXene.'® In this work, the functionali-
zation of MXene caused its zeta potential to change from
—35 mV to +25 mV at neutral pH, and this change in the
potential caused the MXene able to prepare self-assembled
films in situ. The results of this work showed that
AEAPTMS-Ti;C,T, is a pH-responsive nanomaterial due to the
existence of amino groups on its surface and its ability to
adsorb or desorb protons with a change in pH.

Besides, in the work by Zhang and colleagues, it was
reported for the first time that MXenes (Ti;C,T,) and levodopa
(DOPA) could be prepared as MXene-based polymer compo-
sites (TizC,T,-PDOPA) after simple mixing under rather mild
reaction conditions.’®® In the reaction system, as DOPA can
adhere to the surface of MXenes by self-polymerization, result-
ing in the ability to introduce multiple carboxyl groups during
the polymerization process and formation of poly-(DOPA). The
resulting Ti;C,T,-PDOPA composite was used as an adsorbent,
which not only possessed a higher adsorption capacity for
heavy metal ions than the pristine Ti;C,T,, but could also be

This journal is © The Royal Society of Chemistry 2023

further functionalized with other functional materials through
subsequent reactions. Because the functionalization of pristine
MXenes leads to the introduction of many reactive groups, a
variety of composites based on MXenes can be prepared.

Briefly, the amine functionalization approach not only
extends the scope of MXenes for more applications in different
fields, such as fuel cells, dye adsorbents and antimicrobial
coatings, but is also applicable to other MXene structures and
composites.

2.3.3 Sulfonic acid group (-SO;H) functionalization. Wang
et al. successfully grafted poly-(diallyldimethylammonium
chloride) on the surface of Ti,CT, MXene nanosheets to
improve the stability of Ti,CT, MXene by this functionalization
method, and the product was used to remove peroxides from a
radioactive waste stream.'®® Additionally, sulfonic groups can
also be used for the functionalization of MXenes to improve
their performance in applications. Researchers have used
different methods to combine sulfonic acid groups with MXenes,
and the products are gradually being applied in multiple fields.

Because of the rapid development of industrialization, the
depletion of fresh water resources is significant."” It is well
known that the wastewater produced by the dyeing industry
has a complex composition and mainly contains dyestuffs with
a high salt content, making wastewater treatment complicated
and challenging."*®'®" Therefore, various methods have been
studied and developed to treat the wastewater generated from
printing and dyeing. Zhang et al reported that TizC,
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nanosheets were obtained by etching Al from the Ti;AIC, MAX
phase by in situ-forming HF etchant, and the surface of the
Ti;C, nanosheets was modified with sulfonic acid groups
through the direct reaction of diazonium salt and Ti;C, sheets,
as shown in Fig. 10a."®> Meanwhile, the adsorption behavior
and adsorption capacity of Ti;C, and functionalized Ti;C, on
methylene blue (MB) were further investigated and compared
in this work. The SEM images showed that the pristine Ti;C,
was a multi-layer 2D nanomaterial with a packaged and
stacked lamellar structure, and the interlayer spacing was
about 200 nm (Fig. 10d). The apparent granular-structured
surface is shown in Fig. 10e, which was due to the modifi-
cation of Ti;C, by the aryl diazonium salt, that is, the benzene
sulfonic acid group functionalized the surface of Ti;C,. The
comparison of the TEM images of the pristine Ti;C, and
Ti;C,-SO3H showed that the transparency of the nanosheets
was further improved after surface modification (Fig. 10f and
g). The presence of sulfur was observed in the XPS spectra of
both samples (Fig. 10b), where the vibrational peaks caused by
the asymmetric stretching of the S=O band appeared at 1211
and 1130 cm™" in the FT-IR spectra (Fig. 10i). Furthermore,
the weight loss of more than 50% of Ti;C,-SO;H was observed
in the TGA curves (Fig. 10j), and the (002) peak was sharpened
and shifted to a lower angle in the XRD spectra (Fig. 10h), indi-
cating that Ti;C, was successfully sulfonated by benzene sulfo-
nic acid. As shown in Fig. 10c, compared with the adsorption
capacity of the virgin Ti;C, MXene of 21.10 mg g~ for MB in
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water, that of the benzene sulfonic acid group-functionalized
MXene for MB in water was 111.11 mg g~ ', which is five times
higher than that of the pristine MXene. This study demon-
strated that Tiz;C,-SOsH is a promising and efficient adsorbent
for the removal of organic dyes from the aqueous environment.

Pu et al. embedded sodium lignosulfonate (LS), which con-
tained abundant hydrophilic groups (sulfonic acid groups and
phenolic hydroxyl groups), and MoS, nanosheets in MXene
nanosheets for functionalization.'®® The researchers prepared
2D MoS,@LS-MXene composite membranes with high water
permeability and outstanding dye separation properties via the
pressure-assisted self-assembly technique, as shown in
Fig. 11a. The MXene nanosheets added with deionized water
were ultrasonically dispersed, and after the dispersion was
uniform, LS was added with magnetic stirring for a certain
time, resulting in the functionalization of the MZXene
nanosheets. Subsequently, specific concentrations of MoS, dis-
persion liquid were added for sonication to obtain precursor
solutions of different compositions, after which MXene-based
composite films were prepared. The hydrophilicity and per-
meability of the membranes were tested by water contact angle
(CA) and pure water flux measurements (Fig. 11c). Given that
LS is a biological macromolecule containing sulfonic acid
groups and many phenolic hydroxyl groups, it endowed the
prepared composite membranes with good hydrophilic pro-
perties. Consequently, with an increase in LS content, the
water contact angle of the composite film decreased, indicat-

@ ®)

5% NaOH
—
HC

THAIC; MAX ThC;Tyx MXene

e e

Methylene blue

Ti,C; solution of
base intercalation

Intensity (a.u.)

arenediazonium salt

—Ti3Cy
——Ti3C-S03H

TiCy-SOH

1360 1190 IUIBB?SG 680 S10 340 170 O 0 20 40 60 80 100

inding Energy (eV) Time (min)

Ti3Cy-SO3H

Intensity (a.u.)
Transmittance

—ThC; 56 X
——Ti3C,-SO3H o —Ti3C-SO3H
—TiyC,
10 20 30 40 50 4000 3500 3000 2500 2000 1500 1000 500 300 450 600 750 900 1050

2 Theta (degree)

Wavenumber (cm")

Temperature (K)
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ing an increase in hydrophilicity. The enhanced hydrophilicity
also improved the breathability of the membrane. Because the
membrane with hydrophilic surface could prevent the accumu-
lation of contaminants in water on its surface, its antifouling
ability was improved. The XRD patterns of the three samples
showed (Fig. 11d) that the (002) peaks of the MXene
nanosheets after LS treatment were not only broadened but
also shifted to a lower angle, indicating an increase in the
layer spacing of the composite films. The increased interlayer
spacing and hydrophilicity provided a suitable environment
for the rapid permeation of water molecules, indicating that
the water flux of the composite membrane became larger. As
shown in Fig. 11f and g, to examine the separation perform-
ance of the MXene composite membranes, the researchers
used Congo red and rhodamine B to simulate dye wastewater
vapors. It was clearly observed that the layer spacing of the
MXene composite membranes increased with an increase in
LS content, and the removal rates of CR and RhB were
improved for all the membranes. The composite membranes
removed both Congo red and rhodamine B in mixed solutions
at more than 95% compared to the single component dyes
(Fig. 11h). The result showed that the MXene composite mem-
branes had a good performance for dye/salt separation. In
addition, the composite membrane could be recycled again
after washing, and the recycling also showed that the compo-
site membrane had good flux recovery performance. Fig. 11b
shows the flux recovery of the M-3 membrane after CR per-
meation and DI water cleaning. It can be seen that the flux of

This journal is © The Royal Society of Chemistry 2023

the composite membrane still recovered well when cleaned
with detergent for 10 min at each cycle. Also, the separation
mechanism of the composite membranes showed that when
the composite membranes had an appropriate interlayer
spacing, smaller-sized saline hydrated ions could permeate
them, while larger-sized dye molecules were repelled, thus
achieving mutual separation (Fig. 11e). The functionalized com-
posite films obtained in this work not only exhibited good stabi-
lity and fouling resistance, but this study also provided novel
design ideas for the preparation of high-performance materials.

In summary, it is not difficult to see that there are numer-
ous ways to functionalize MXenes. In addition to functionali-
zation with surface groups, it is also possible to functionally
optimize the defects of MXenes with substances that are also
2D materials."®® It is sufficient to prove that the products
obtained from the functionalization of MXenes have excellent
performance, which not only broadens the application direc-
tion and field of MXenes, but also makes MXenes extremely
potential for development.

3 MXene-based gas separation
membranes and their structure—
performance relationships

Molecular sieve fractionation membranes are ideal as efficient
gas separation materials, and to achieve the ideal gas separ-
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ation effect, it is recognized that they should have sufficient
and homogeneous nanochannels. Accordingly, the use of 2D
materials, such as graphene, GO, and MOF nanosheets, pro-
vides many innovative design ideas for the design of gas separ-
ation membranes.*®*716¢

3.1 MXene-based gas separation membranes

Considering the prominence of environmental problems, the
cost of energy in production and life is increasing, increasing
attention is given to sustainable development and improving
the energy utilization efficiency, and thus energy-saving mem-
branes have attracted extensive attention in different fields.
Nanoporous membranes possess excellent molecular sieving
mechanisms due to their uniform and sufficient nanochan-
nels, which breaks the trade-off between permeability and
selectivity in gas separation, and thus facilitates efficient gas
separation.’®” MXenes have high efficiency and energy saving
separation properties due to their structure and special chemi-
cal surface, and the modifiable properties allow the mem-
branes prepared from them to exhibit superior performance in
various separation sciences. Consequently, MXene-based
membranes are increasingly being used in high-performance
separation/purification.””

Well-designed methods for the preparation of membranes
are essential to achieve the goal of efficient separation pro-
cesses. According to the actual needs, great progress has been
achieved in the past few years by combining different methods
to design membranes accurately and rationally. Under vacuum
filtration conditions, the fabricated membranes form nano-
channels of different lengths and widths due to the high
aspect ratio of MXenes, and these nanochannels provide path-
ways for gas diffusion (Fig. 14c)."®® Consequently, changing
the interlayer distance and length of the nanochannels will
allow different types of gases to pass through the membrane
and also change the gas permeability, which in turn will
achieve the purpose of gas separation. In MXene separation
membranes, CO, will be adsorbed in the MXene nanochan-
nels, which prevents its transport, thus capturing CO,.*’
MXenes have been progressively combined with stand-alone or
film-composite polymers to prepare separation membranes.
This method can increase the affinity between CO, and the
matrix. Because the nanochannels formed by MXene
nanosheets contribute to molecular sieving and provide a
more tortuous path for gas transport in the membrane,
MXene-based gas separation membranes can improve the
selectivity and permeability of the corresponding MXene
MMMs.”” Compared with other existing 2D separation mem-
branes (such as ZIFs and MOFs), MXene-based membranes
may have the same selectivity and higher permeability. In
addition, research has shown that lamellar MXene-based films
exhibit excellent reproducibility, good mechanical properties,
and stable separation performance due to their ordered nano-
channels in the long-term continuous separation process.”

As shown in Fig. 12a, Ti;C,T, MXene was embedded in
Pebax-1657 block copolymer in the work by Ahmad et al. The
mixture of these two substances formed good nano-channels
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to achieve the fast and selective transport of CO,, and the
mixed matrix membrane also showed an excellent CO, separ-
ation performance. Besides, the experimental scheme of
mixing the MXene and polymer in the experiment could also
mitigate the oxidation of the MXene.®® In the work by Li and
colleagues, the Ti;C,T, MXene was combined with Pebax to
prepare a mixed matrix membrane for the separation of
C0,."® According to the scanning electron microscopy images
of the cross section of the membranes, as shown in Fig. 12f
and g, the MXene in the matrix was uniformly dispersed at 1%
loading, while the cross-section was relatively smooth at 5%
loading. The FTIR spectrum of the Pebax-MXene films, which
characterized the interaction between the filler and the matrix,
showed a slight shift in the peaks for the Pebax-MXene films
at 3302 cm™' and 1640 cm '. The shift in these bands
suggested that the interaction between the surface end groups
of MXene and the Pebax chain may be hydrogen bonding
(Fig. 12b-d). As shown in Fig. 12e, the CO, permeability of the
Pebax-MXene membrane was significantly greater in the wet
state than in the dry state, and this state was related to the fact
that the membrane swelled when wet. When the content of
MXene in the membrane increased from 2% to 5%, the CO,/
N, selectivity of the membrane in the wet state clearly tended
to increase, which was obviously different from the trend in
the dry state. However, in general, Pebax-MXene membranes
exhibit a high separation performance due to the abundance
of functional groups on the MXene surface.

In addition to the above-mentioned separation membranes
prepared using MXenes and polymer Pebax, other MXene-
based membranes have also been extensively used in the field
of gas separation. According to the outstanding structural
characteristics and unique chemical surface of MXenes,
researchers have designed MXene-based films combined with
different substances. For example, Ding et al. used vacuum-
assisted filtration in a laboratory study to place MXene
nanosheets on anodic aluminum oxide carriers and could sep-
arate the MXene films “independently”. Furthermore, it was
reported that the peeled MXene films showed good flexi-
bility.”” Li and colleagues conducted an in-depth study on gas
diffusion in MXene interlayer nanochannels through MD
simulations to understand the selective diffusion of gases in
MXene interlayer nanochannels at the molecular level. In this
work, the diffusion behavior of many different gas molecules
in MXene membranes with different structures was investi-
gated, and the results showed that the effect of different
MXene on gas diffusion was
significant.

Furthermore, functional liquids, such as ionic liquids (IL),
have the ability to achieve the purpose of separating different
gases and enclosing undesirable defects in the packing due to
their different solubility based on gases. Therefore, it is a very
effective method to embed them in 2D layered membranes for
the separation of gases with similar kinetic diameters.
Considering this, Li et al. used a simple method to sulfonate
MXene, followed by embedding the typical ionic liquid 1-butyl-
3-methylimidazolium tetrafluoroborate ([BMIM][BF,]) in the
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ionized nanochannels of the sulfonated MXene nanosheet
lamellar membrane to separate CO, and N, molecules.'”" In
this work, inspired by catechol-metal chelation, Ti;C,Ty
MXene nanosheets containing a large number of unsaturated
Ti atoms were chosen as the main building blocks to facilitate
the homogeneous introduction of sulfonic acid groups
(-SO;3H). Also, a method of ionization was proposed, i.e., the
modification of the nanochannels of the lamellar membrane
with disodium 4,5-dihydroxy-1,3-benzenedisulfonate, which is
a catechol derivative. The method allowed the IL to be stably
immobilized in the nanochannels and achieved effective sep-
aration of CO,. The membranes prepared using the MXene
modified by sulfonic acid groups had intrinsic advantages
compared to previously reported liquid-immobilized lamellar
membranes.'”” The membrane with the best performance had
a certain interlayer spacing and high absorptivity for IL,
endowing it with high permeability to CO, and high selectivity
for CO,/N,. Besides, the IL loss rate of the membranes pre-
pared by growing sulfonic acid groups in the nanochannels of
MXene under high pressure (5 bar) significantly decreased
within seven days compared to the unsulfonated MXene, indi-
cating that the MXene functionalized with sulfonic acid
groups showed good stability for IL storage. In conclusion, the
membranes reported in this work not only had comparable
permeate flux and stability, but also were expected to contrib-
ute to the development of liquid-based membranes.

In 2022, Wei et al. first reported the preparation of a free-
standing MZXene-ZIF-8 bilayer hydrogen separation mem-
brane.'”® To achieve MXene layer assembly and ZIF-8 growth,
the researchers combined electrophoretic deposition (EPD)
and fast current-driven synthesis (FCDS). As shown in Fig. 13a,
this method resulted in the synthesis of independent MXene-
ZIF-8 bilayer composite membranes in a relatively short
period, enabling the simple and rapid production of mem-
branes, while overcoming the time-consuming drawback of the

This journal is © The Royal Society of Chemistry 2023

traditional vacuum filtration and thermal synthesis methods.
This figure showed that the thinner 2D layered MXene was
obtained in a short time through EPD. Secondly, based on the
MXene layer as the conductive substrate, a certain thickness of
ZIF-8 layer was rapidly grown on the MXene layer using FCDS.
The final MXene-ZIF-8 bilayer composite membrane could be
used as a suspension membrane for gas separation. In the
experiment, a single gas permeation test was performed for
the MXene membrane and MXene-ZIF-8 bilayer composite
membrane. The results indicated that the H,/CO, selectivity of
the pure MXene membrane exceeded the Knudsen selectivity,
and the permeability of N, and CH, was higher than that of
CO, due to the adsorption of CO, by the MXene (Fig. 13c). The
MXene-ZIF-8 bilayer composite membrane, which grew a ZIF-8
layer, showed an almost twofold increase in H,/CO, selectivity
and a nearly threefold improvement in H,/C3Hg selectivity
compared to the pure MXene membrane (Fig. 13d). This
suggested that the combination of MXene nanosheets layer
with ZIF-8 helped to improve the gas separation performance
of the membrane. As shown in Fig. 13e, the gas separation per-
formance curve of the MXene-ZIF-8 bilayer composite mem-
brane for H,/CO, at different temperatures clearly showed that
the CO, permeability increased with an increase in tempera-
ture. Subsequently, the researchers conducted a long-time H,/
CO, separation test on the MXene-ZIF-8 bilayer composite
membrane, and the results showed that its permeability for H,
and CO, remained almost unchanged during more than 100 h
of operation. Simultaneously, the H,/CO, selectivity was only
slightly reduced, which confirmed the excellent stability of the
MXene-ZIF-8 double-layer composite membrane (Fig. 13f). In
addition, the excellent crystal structure of the ZIF-8 layer, the
SEM image of the tightly bound MXene-ZIF-8 bilayer, and the
elemental mapping of Zn and Ti in the MXene-ZIF-8 bilayer
composite film indicated that the composite films still had a
satisfactory and stable structure after long-time gas separation
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Fig. 13 (a) Schematic diagram of the rapid synthesis of MXene-ZIF-8 bilayer composite membrane. (b) (i)-(iii) SEM images of the ZIF-8 layer, MXene
layer interface and MXene-ZIF-8 bilayer composite film cross-section; (iv) are elemental mappings of Zn and Ti corresponding to (iii). Single gas per-
meability and selectivity of (c) MXene membranes and (d) MXene-ZIF-8 bilayer composite membranes. (e) Separation performance of MXene-ZIF-8
bilayer composite membranes for H,/CO, mixtures at different temperatures. (f) Long-term separation performance of MXene-ZIF-8 bilayer compo-
site membranes for H,/CO, mixtures. Reprinted with permission.t”® Copyright 2022, Elsevier.

(Fig. 13b). The MXene-ZIF-8 bilayer composite membrane pre-
pared in this work had the advantages of high synthesis
efficiency, superior H,/CO, selectivity, and extremely fast mem-
brane preparation time. Simultaneously, the concept of design-
ing membrane structures can be extended to other double-
layer membranes, which provides a new idea for the develop-
ment of membrane preparation.

In summary, with the increasing in-depth research on
MXenes, there are more in-depth studies and innovative
design ideas for the preparation of MXene-based gas separ-
ation membranes, which further illustrates the application
and development potential of 2D nanomaterial MXenes in gas
separation membranes.

3.2 Structure-property relationship of MXene-based gas
separation membranes

Considering the wide application of MXene-based membranes
in the field of high-performance separations/purification, it is
not difficult to find that the design of MXenes with excellent
stability and specific functionality is essential to achieve
efficient separation. Gas permeation within MXene mem-
branes is similar to other 2D layered membranes and can
occur in three different regions, as follows: (i) in-plane crack-
like pores formed by nonstructural defects between adjacent
MXene sheets; (ii) interplanar interlayer pore channels, which
can be controlled by the coating method and functional

4186 | Nanoscale, 2023, 15, 4170-4194

groups; and (iii) voids in poorly ordered MXene layers observed
in graphene oxide and other 2D material membranes (Fig. 14a
and b)."’*"® Under vacuum filtration condition, MXene
nanosheets with a high aspect ratio can form nanochannels
(interlayer spaces between parallel nanosheets) and nanoliths
(voids between the edges of the nanosheets) in the prepared
membranes (Fig. 14c). The nanochannels not only provide
diffusion pathways for gas transport, but their different inter-
layer spacings can also allow different gas permeability
through the membrane.'®® Because the layered MXene-based
films have aligned nanochannels and many surfaces end
groups on the adjacent MXene nanosheets, MXene-based
films possess superior CO, capture performance.””> However,
different MXene membranes structures (e.g., species of interca-
lating ions and interlayer distance) have a large degree of influ-
ence on the diffusivity of the gas."”® Thus, to solve these pro-
blems and synthesize the target MXene membrane, several
influencing factors need to be considered. For example, the
surface functionalization and adjustment of the interlayer
spacing of MXene layers, as mentioned in section 2, as well as
the intercalation of MXene layers or by combining them with
other 2D materials to optimize the surface defects of the
MXenes themselves, as described below.

3.2.1 Surface modification of MXenes. The interlayer
spacing and surface termination of MXenes have a substantial
impact on the gas separation performance of the membrane.

This journal is © The Royal Society of Chemistry 2023
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Wang et al. conducted several studies on MXenes, and the
results showed that the nanochannels between the layers of
the MXene membranes were similar to that of GO membranes,
both of which used the size effect for the purpose of gas separ-
ation (Fig. 14d).”> After their systematic study of the diffusion
mechanisms of multiple gases (including H,, He, CO,, N, and
CH,) in 2D MXene nanochannels, they found that both the
structural factors of gas molecules (such as size, mass and
polarity) and the structural factors of MXene membranes (such
as layer spacing and the presence of water molecules) had sig-
nificant effects on the diffusion of gases through kinetic simu-
lations."® Jin et al. modified MXene with boric acid and poly-
ethyleneimine (PEI) to achieve the modification of an MXene
assembly and change its layer spacing. As shown in Fig. 14e,
the MXene nanosheets were well stacked and the MXene nano-
channels were reasonably regulated by the surface functionali-
zation. After the modification, the borate and polyethyl-
eneimine (PEI) molecules were well interlocked in the MXene
layer. The results showed that this method finely tuned the
stacking behavior and interlayer spacing of the MXene
nanosheets. In this work, the unfunctionalized and functiona-

This journal is © The Royal Society of Chemistry 2023

lized MXene nanomembranes were compared and the latter
was found to exhibit different stacking behavior and adjustable
interlayer spacing, while preferentially allowing CO, per-
meation. Also, the MXene nanomembrane, which was capable
of selective transport of H, and CO,, exhibited an outstanding
CO, separation performance. This study focused on the
mechanism of gas transport in the MXene lamellae inside the
nanomembrane and revealed that the transport mechanism of
the MXene membrane changed from “diffusion control” to
“solution control” after chemical adjustment. The idea of pre-
paring MXene nanomembranes through rationally designed
tunable nanochannels, which were precisely clipped to modify
the 2D nanostructure, inspired the exploration of other nano-
materials, which will further propel the application of 2D
nanomaterial membranes.

Due to the fact that the adjacent nanosheets in a 2D layered
membrane are usually stacked randomly, they form disordered
nanochannels, which can hinder the efficient separation of
the target gas. Therefore, it is necessary to fabricate MXene
lamellar membranes with regularly arranged and ordered sub-
nanochannels. Wang et al. prepared Ti;C,T, nanosheets with
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lateral dimensions of around 1 pm by improving the method
of preparing nanosheets using a mixed solution of LiF and
HCI. Then, on an anodic aluminum oxide (AAO) substrate with
a pore diameter of 200 nm, a self-supporting membrane was
prepared by vacuum-assisted filtration.”® Because of the abun-
dant surface end groups of the MXene, the membrane exhibi-
ted an H, permeate flux of 2200 Barrer and H,/CO, selectivity
of over 160, a performance that exceeded that of most mem-
brane materials available at the time. The performance
achieved to such an extent, in addition to the interaction
between the surface end groups and the gas molecules, is also
largely dependent on the size sieving effect of the sub-nano-
meter interlayer channels on H, and CO,.

The above-mentioned work achieved the modulation of
MXene interlayer spacing and the stacking mode of interlayer
nanosheets through chemical modification and intramolecular
interactions (electrostatic interactions, hydrogen bonding and
covalent bonding), thus preparing MXene nanomembranes
with outstanding CO, separation performances.

3.2.2 Cationic intercalation of MXene layers. Unlike the
surface chemistry of graphene and its derivatives, monolayer
MXene nanosheets bind OH, O and F in aqueous solution to
form a T, cover with homogeneous hydrophilic surface func-
tional groups, which may enable the MXene nanosheets to
exhibit a better stacked structure during film formation."*® In
addition, MXenes can be chemically and electrochemically
intercalated by monovalent and multivalent metal cations
(e.g., HY, Li*, Na*, K*, Ca®", Mg>*, AI*", and NH,") as well as
organic molecules.”””*®® The insertion of positively charged
ions or small nanoparticles between MXene layers can expand
the width of the original nanochannel, thereby increasing the

*Ti,C, T, membrane

(c)

Feed gas mixtures Membrane

Hollow fiber
~

Purge gas

%}3%}

H, rich gas 7
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gas flux through the membrane. Because of the different inter-
actions between MXene nanosheets and between the interca-
lated microclusters, the layer spacing is adjustable. The inter-
calation of cations of different sizes and charges in the TizC,T,
interlayer leads to the expansion or contraction of its lamellar
structure, and these studies provide a good basis for the layer
spacing-regulated sieving performance of MXene 2D films.
Multilayer MXenes can be further transformed into monolayer
or fewer-layer nanosheets by intercalation and delamination,
and the introduction of additional substances in the layered
MXene structure by ionic intercalation is another strategy to
control its properties.'*’

When the etchant used for synthesizing MXene is different,
it also has an effect on the layer spacing of the MXene. For
example, when etching MXene with HCI-LiF solution, Li" will
be interpolated between the MXene layers, thus synthesizing
MXene with relatively large lattice parameters.’*® In their
work, Wang et al. uniformly combined Fe(OH); nanoparticles
with a diameter of 4-5 nm with the MXene surface by electro-
static interaction, and then removed the excess nanofillers
with HCI solution to obtain 2D nanochannels with a layer
spacing of 2-5 nm."®* The MXene membranes obtained by this
method showed outstanding permeability and stability. The
showed that the width of the MXene nanochannels could be
controlled by cationic intercalation, which in turn led to the
better performance of the MXene membranes. Meng et al
intercalated Ni** in MXene nanosheet layers, and then
assembled the modified MXene nanosheets with Al,O; hollow
fibers to form molecular sieve membranes (MSMs) through a
vacuum-assisted filtration and drying process (Fig. 15a)."®> The
membrane had an H, and CO, selectivity of 615 and H, per-

.~ z|Fe7 b
T

e C %}E}b 2me(hylvmldazolev )y A)_F’ K
N )_A; 4
W ;

® Co e \;( .
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>, T G, 2retvimido, | <
) 2-methylimidazolg,
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Fig. 15 (a) Schematic diagram of Ni**-TizC,T,/Al,O3 hollow fiber membrane for separation of hydrogen and carbon dioxide mixtures. Reprinted
with permission.’®> Copyright 2020, Springer Nature. (b) Schematic diagram of the preparation of MXene-assisted ZIF-67 film on AlL,Os disc.
Reprinted with permission.’®¢ Copyright 2022, Elsevier. (c) Schematic diagram of self-cross-linked MXene hollow fiber membrane for H,/CO, separ-

ation. Reprinted with permission.®” Copyright 2021, Elsevier.
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meability of 8.35 x 107® mol m~> s™" Pa~" at room temperature.
Compared with the Ti;C,T,/Al,O; hollow fiber membrane
without intercalated cations, due to the strong interaction
between the negatively charged MXene nanosheets and Ni*",
the interlayer spacing of the MXene was regulated.
Consequently, the selectivity and permeability of the mem-
brane prepared after Ni** intercalation were significantly
improved. Also, the membrane continued to operate for 200 h
and still had a stable gas separation performance. This work
showed that the Ti;C,T,/Al,O3; hollow fiber membranes pre-
pared after Ni** intercalation have a broad prospect for indus-
trial applications.

Because of the abundance of end groups on the surface of
MXenes, cation intercalation produces a certain interaction
with it, causing the intercalated modified MXene membranes
to exhibit more outstanding gas separation performance and
stability. Consequently, changing the structure of the MXene
layers by cationic intercalation plays a decisive role in the sep-
aration performance of the prepared MXene membranes.

3.2.3 MXene combined with other 2D materials. Although
MXenes have some unique advantages compared to other 2D
materials, the stacked structure of MXene nanosheets may
still have non-selective defects that cannot be ignored. For
example, Jin et al. firstly polymerized highly branched poly-
ethyleneimine-functionalized MXene nanosheets with trimeric
chloride by interfacial polymerization to seal the non-selective
structure of MXene nanosheets, and then obtained good-
performing MXene films.®® Furthermore, MXenes can be
combined with other 2D materials to optimize the separ-
ation performance of the prepared membranes to achieve
defect complementation. Zeolite imidazolium skeletons
(ZIFs) have been used for gas separation for many years due
their advantages such as tunable pore structure. ZIF-67 pos-
sesses a topology that uses cobalt as a metal node, which is
a good material for gas separation. Feldhoff et al. combined
ZIF-67 with MXene to prepare high-performance gas separ-
ation membranes.'®® As shown in Fig. 15b, MXene films
were first prepared on an Al,O; substrate, and then Co®* was
intercalated in the MXene films to obtain Co(u)-MXene
films, and finally ZIF-67 was synthesized under specific con-
ditions in the presence of MXene films and the MXene films
were bound to them. Given that Co** was embedded in the
MZXene nanosheet layers by adsorption, it led to an increase
in the interlayer spacing of the MXene, and therefore the
content of Co®" in the intercalated layers of the membrane,
which determined the non-homogeneous nucleation and
crystal growth of ZIF-67. Thinner ZIF-67 films were prepared
with the assistance of Co(u)-MXene films. The results
showed that the prepared ZIF-67 membranes with the assist-
ance of MXene not only had exceptional gas selectivity and
permeability, but also had good long-term chemical and
thermal stability.

The above-mentioned studies showed the potential of com-
bining MXenes with other 2D materials for the preparation of
high-performance gas separation membranes. However, thus
far, this route has not been widely explored and applied in the

This journal is © The Royal Society of Chemistry 2023

View Article Online

Review

field of gas separation. Also, this means that MXenes have a
broader scope for development and application in the field of
high-performance separation/purification.

3.2.4 Others. In addition to the above-mentioned common
methods of slightly modifying MXenes, and then modulating
their structure to achieve the enhanced separation perform-
ance of MXene-based membranes, other methods, such as by
modulating the substances or substrates bound to MXenes,
have been reported for the preparation of membranes with
excellent properties.

Inorganic hollow fibers are a good substrate for the large-
scale preparation of 2D material membranes; however, if 2D
materials are inefficiently stacked on hollow fibers, it will lead
to an oversized interlayer space and extremely low sieving per-
formance. Xu and colleagues prepared self-crosslinked MXene
hollow fiber membranes with good gas separation perform-
ance and stability from yttrium-stabilized zirconia (YSZ)
hollow fibers via a simple heat treatment and self-crosslinking
process."®” As shown in Fig. 15c, the prepared self-cross-linked
MXene hollow fiber membranes were capable of forming
sieving-capable nanochannels between adjacent MXene
nanosheets due to the abundance of end-group groups on the
MXene surface. The preparation process resulted in a regular
reduction in the interlayer spacing of the MXene films during
the heat treatment crosslinking, which led to a significant
improvement of their H,/CO, separation performance.
Meanwhile, the operational stability of the prepared self-cross-
linked MXene/YSZ (SM/YSZ) hollow fiber membranes was
highly competitive.

As mentioned above, the structure of MXenes is inextricably
linked to their properties and the performance of the prepared
membranes. Whether it is the functionalization of MXenes,
cationic intercalation, functionalization of other materials or
combination with other 2D materials, these are essentially
adjustments to the structure of MXenes, especially their inter-
layer spacing. The structurally altered MXene membranes
almost always exhibit superior separation performance and
stability compared to the original MXene membranes.
However, obviously, there are still relatively few MXene mem-
branes with outstanding performance for gas separation,
which indicates that although they have great potential for
development, there is still a long way to go for their research
and exploration.

4 Summary, challenges and future
prospects

It is undeniable that as a new class of 2D nanomaterials,
MXenes have unique advantages that cannot be underesti-
mated. They provide a lot of new ideas for the research of gas
separation and other fields and have great development poten-
tial and promising development prospects. However, presently,
research on MXenes is still in the preliminary development
stage and there are many challenges to be addressed.
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4.1 Summary

Through a thorough understanding of MXenes, it is possible
to recognize their unique advantages compared to other 2D
materials and the areas in which they can be applied, as well
as provide a theoretical basis for their interfacial modulation
and structural optimization. After etching MZXenes, their
surface forms rich functional groups, and the MXene surface
functionalized by different methods exhibit an appreciable
enhancement in performance, making them advantageous for
further applications. Besides, some MXene-based membranes
for high-performance separation/purification applications
have been presented, illustrating the great application poten-
tial of MXene-based membranes and their inextricable struc-
ture-performance relationship.

4.2 Challenges

The summary of the related research work showed that MXenes,
after surface modification and structural optimization, exhibit
greatly improved the pro-CO, and adsorption properties, but
there are still some problems. Firstly, in the case of their struc-
ture and properties, the effects of different structures on the
properties of MXenes should be continued to be explored,
together with the effects of using different preparation methods
on the structure and properties of MXenes. Moreover, the
further exploration of other properties of MXenes that have not
been discovered before will expand their application areas.
Secondly, for the interfacial modulation of MXenes, most of the
composites are bonded by certain physical interactions (hydro-
gen bonding, van der Waals forces, etc.) with poor mechanical
properties, and thus further exploration of chemical bonding
interaction modulation is needed to improve their comprehen-
sive performance. Thirdly, more methods need to be explored
to modulate the surface of MXenes to improve their thermal
stability, chemical stability and oxidation resistance and to lay
the foundation for their multi-disciplinary applications. Finally,
based on the existing research on the 2D nanosheet structure of
MXenes, we should explore what type of influence mechanism
MXenes will have on the performance of composite materials
during their application, which will help to deepen and improve
the modulation of the performance of MXenes, and then refine
their practical application in gas separation and provide a
theoretical basis for CO, capture and separation.

In addition, the tendency of layered MXenes nanocrystals to
restack reduces the interlayer distance and open surface area,
thus limiting their further application as adsorbents.
Molecular sieve membranes with sufficient and homogeneous
nanochannels to break the permeation-selectivity equilibrium
are ideal for efficient gas separation, and the resulting 2D
materials offer new avenues for membrane development.
However, for 2D layered membranes, the randomly stacked
adjacent nanosheets usually form disordered interlayer nano-
channels between them, hindering the efficient separation per-
formance of the membranes. Hence, it remains challenging to
prepare layered membranes with highly ordered nanochannel
structures for fast and accurate molecular sieving.
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4.3 Future prospects

Although the development of MXene-based membranes for
gas separation is still in its infancy, it is clear that the results
of the current study have shown the great promise for their
application. Given the current state of research, “(1) the
further exploration of the potential of MXenes may achieve
better gas separation effects than other 2D materials or
provide a wider range of application directions and (2) the
gradual extension and application of proven methods for other
materials to the study of MXenes, and an in-depth investi-
gation of the combination of MXenes with other polymers or
2D materials to obtain the composite materials”. With more
research on these two aspects and taking full use of the advan-
tages and properties of MXenes, the prepared separation mem-
branes may have more obvious results. Currently, gas selecti-
vity studies on MXene-based membranes are mainly based
on the construction of the interlayer spacing of MXene
nanosheets. In addition, the effects of the MXene nanosheet
size, the interactions between gases and MXenes, and the
applications in multi-material mixing systems have not been
extensively studied, and thus all these aspects need to be
further explored. Therefore, the research on MXenes has a very
promising future.
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