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Abstract Two-dimensional membranes have attracted
significant attention due to their superior characteristics,
and their ability to boost both flux and selectivity have led
to their reputation as potential next-generation separation
membranes. Among them, emerging MXene-based mem-
branes play significant roles in the competitive membrane-
separation field. In this mini-review, we systematically
discuss the assembly and separation mechanisms of these
membranes. Moreover, we highlight strategies based on
the crosslinking of MXene nanosheets and the construction
of additional nanochannels that further enhance the
permeabilities and anti-swelling properties of MXene-
based membranes and meet the requirements of practical
applications, such as gas-molecule sieving, ion sieving,
and other small-molecule sieving. MXene nanosheets can
also be used as additives that introduce specific function-
alities into hybrid membranes. In addition, extended
applications that use MXenes as scaffolds are also
discussed.
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1 Introduction

Since graphene was discovered in 2004, various two-
dimensional (2D) materials have attracted significant
levels of attention and have been extensively studied in
many fields. Their unique physicochemical properties are
attractive for energy-storage, sensor, supercapacitor, cata-
lysis, and optoelectronics applications [1-5]. In particular,
the readily tunable physicochemical properties and distinct
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laminar structures of 2D materials make them competitive
materials for use in membrane-separation applications,
such as gas-molecule sieving [6—12], ion sieving [13-18],
dye rejection [19-25], and solvent dehydration [26-28].
For example, laminar graphene oxide (GO) membranes
have been intensively investigated for small-molecule
sieving by adjusting interlayer spacings to suitable values.
Kim et al. [29] prepared ultrathin (3—-10 nm) GO
membranes using various stacking methods. Selective
gas diffusion in a GO membrane is readily achieved by
tuning the gas flow channels and pores, as demonstrated by
the desirable gas-molecule sieving characteristics of GO.
Moreover, the interlayer spacing of a GO membrane in
water can be controlled to a precision of 1 A by
intercalating one kind of ion, thereby enabling correspond-
ing ions to be sieved [13].

Recently, MXenes, as a new class of 2D material
discovered by Naguib et al. [30,31], have been widely
explored as their structures are remarkably similar to that
of GO [3,30]. Usually, MXenes are prepared by selectively
etching the sp-element layers from the corresponding
MAX M, 1AX,, n=1, 2, 3) precursor phase, where M is
a transition metal (Ti, Sc, V, etc.), A is a main-group sp
element (Cd, Al, Si, etc.), and X is C or N [31,32]. The
MXene produced in this manner has the formula M,, | 1 X,,T,
(n =1, 2, 3), where n determines the thickness of the
MXene, T represents surface functional groups, such as
oxygen (= O), hydroxyl (-OH), and fluorine (—F), and x is
the number of surface functional groups [30,33,34].
Abundant functional groups clearly endow MXenes with
multiple properties, including high surface areas, biocom-
patibility, hydrophilicity, low diffusion barriers, activated
metallic hydroxide sites, superior electrical conductivity,
and ease of tenability. On the other hand, MXene diversity
has been greatly extended to more than 30 compositions
through double or multiple combinations of transition
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metals [31,35-37]. Multiple functional groups and diver-
sity favor MXenes in energy-storage [33,38], sensor
[39,40], optoelectronics [36], catalysis [41], environ-
ment-treatment [42,43], biomedicine [5], and supercapa-
citor applications [44]. Naturally, based on their laminar
structures and abundant functionalities, MXenes have
gradually become significantly attractive 2D membrane
materials [45-52]. Their laminar structures endow 2D
MXene membranes with special mass-transport channels,
with water and other molecules moving rapidly in these
limited domains. At the same time, the abundance of
functional groups enables the separating ability of an
MXene membrane to be readily adjusted by controlling the
interlayer spaces [53], the affinity of the membrane for
specific solvents [54], and the charge distribution [55].
While a preliminary review of the applications of normal
MXene membranes has appeared in the literature [56], a
systematic understanding of membrane performance,
promotion strategies based on regulating the microstruc-
tures of laminar MXene membranes, and ways of
expanding MXene applications are unfortunately lacking.
This targeted mini-review not only provides a compre-
hensive overview of the assembly and separation mechan-
isms of MXene membranes, but also focuses on strategies
proposed to further improve membrane performance and
attempts made to expand MXene applications to date.
Recent major advances in 2D MXene-based mem-
branes, in terms of applications and strategies, are
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summarized in Fig. 1. Relevant MXene-based membrane
studies are summarized in Tables 1-3 based on ion-
sieving, gas-molecule sieving, and small-molecule sieving,
respectively. The corresponding sieving mechanisms are
discussed in terms of the various separation processes.
New horizons for MXene-based membranes are high-
lighted in this mini-review from four aspects, including
MXene nanosheet cross-linking, constructing additional
nanochannels, MXene hybrid membranes, and MXenes as
2D scaffolds.

2 MXene synthesis and assembly
2.1 MZXene synthesis

MAX phases built by hexagonal layered P6s;/mmc-
symmetric structures are composed of M—A and M—X
bonds [40]. Accordion-like MXenes are successfully
prepared by selectively etching weaker M—A bonds (purely
metallic in nature) and retaining M—X bonds (covalent/
metallic/ionic bonds) [31]. As shown in Fig. 2, the first
reported 2D MXene material (Ti;C,T,, which has attracted
more than 70% of all MXene research attention to date) is
synthesized by etching the Al layer in the Ti;AlC, MAX
phase [30]. In a typical synthesis procedure, the MAX
powder is added to aqueous HF and stirred for a specific
time. The reaction product is then washed several times
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Fig. 1 Scope of this mini-review. Based on various separation processes, this mini-review covers four main aspects for improving
MXene-based membranes, including the crosslinking of MXene nanosheets. Reproduced with permission from refs. [46,49,54,57-62].
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Table 1 MXene-based membranes for ion sieving

MXene sample Methods Support Improved strategy Applications Separation performances Ref.
(water flux, ion rejection)

TizC, T, membrane VFY PVDF” Ton sieving (size and charge effect) [45]
Ti;C,T, membrane  VF¥ PAN® Ton sieving (PV desalination) 854 L-m 2-h !, 99.5% (NaCl)  [63]
Ti;C,T, membrane  VF¥ Surface grafting (PDDAY) Ton sieving (OEG®) [55]
Ti;C,T, membrane  VFY Cellulose acetate Ton sieving (OEG®) [64]
Ti;C,T,/Kevlar VF? Molecular crosslinking Ion sieving (OEG®) [65]
hybrid membrane

TizC,T, membrane VE? Polypropylene Ion sieving [66]
Ti;C,T, membrane VFY Polyamide Self-crosslinking Ion sieving 0.0515L-m>-h'bar ', 98% [57]
TizC, T, membrane VFY a-Al,05 tubular Self-crosslinking ITon sieving 115L-m2h ' bar !, [53]

99.2% (VO*1)

Ti;C,T,/maleic acid ~ VF¥ Nylon Molecular crosslinking Ion sieving 22.8 kg'n‘F2 -h'bar !, [67]
membrane >99.7% (NaCl)

Ti;C,T, membrane  VF PES? Ionic crosslinking Ion sieving 28 L-m2-h'-bar', 96% (NaCl) [68]

(AP

a) VF: vacuum filtration; b) PVDF: polyvinylidene difluoride; c) PAN: polyacrylonitrile; d) PDDA: polydiallyl dimethyl ammonium; ¢) OEG: osmotic energy
generation; f) PES: polyethersulfone.

Table 2 MXene-based membranes for gas molecules sieving and PV

MXene sample Methods Support  Improved strategy Applications Separation performances Ref.
Ti;C,T, membrane VFY Gas molecules H, permeability: 1201 GPU, o(H,/CO,) > 160 [47]
sieving
TizC,T, membrane VFY Gas molecules [69]
(simulation) sieving
Ti;C,T, membrane VFY  AAO®  Self-crosslinking Gas molecules H, permeability: 612.7 GPU, a(H,/N,): 41 [70]
sieving
TizC, T, membrane VEY  AAQY Self-crosslinking Gas molecules [71]
(simulation) sieving
Ti;C,T, membrane VFY AAO® Molecular crosslinking ~ Gas molecules H, permeability: 1584 GPU, o(H,/CO,): 27; CO, [49]
(PEI?/borate) sieving permeability: 350 GPU, o(CO,/CHy): 15.3
TizC,T,/pebax1657 Dc?  PVDFY MXene as additives Gas molecules CO, permeability: 1360 GPU, o(CO,/N,): 31 [60]
hybrid membrane sieving
Ti;C,T/pebax hybrid ~ SC”  PAN®  MXene as additives Gas molecules CO, permeability: 21.6 GPU, o(CO,/N,): 72.5 [72]
membrane sieving
TizC,T, membrane VFY Nylon EtOH™ dehydration ~ Water flux: 263.4 g-m 2-h ', separation factor: 135.2 [73]
TizC,T,/sodium Dc? PAN®  MXene as additives EtOH™ dehydration Water flux: 505 g-m 2-h !, separation factor: 9946 [74]
alginate
hybrid membrane
Ti,C, T, membrane VE? PAN®  Molecular crosslinking IPAY dehydration Water flux: 1069+47 g-m 2-h"!, permeate side > 99 wt-% [75]
(HPEIY)
TizC,T,/chitosan hybrid sch PAN®  MXene as additives Solvent dehydration Water flux: 1.4-1.5 kg'm’2 “h, separation factor: 1421, [76]
membrane 4898, 906 (EtOH™, EACY, DMC")
Ti,C,T, membrane VFY PAN®  Molecular crosslinking IPAY dehydration Water flux: 1237 g-m 2-h!, separation factor: 1932 [77]
(PEI®, PDDA™,
PAH)

a) VF: vacuum filtration; b) AAO: anodic aluminum oxide; ¢) PEI: polyethyleneimine; d) Dc: drop-casting; ¢) PVDF: polyvinylidene difluoride; f) SC: spin-coating; g)
PAN: polyacrylonitrile; h) EtOH: ethanol; i) HPEI: hyperbranched polyethylenimine; j) IPA: isopropanol; k) EAC: ethyl acetate; 1) DMC: dimethyl carbonate; m)
PDDA: polydiallyl dimethyl ammonium; n) PAH: polyallylamine hydrochloride.
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Table 3 MXene-based membranes for small molecules sieving
MXene sample Method Support Improved strategy Applications Separation performances (flux, rejection) Ref.
Ti;C,T,/GO VFY  Nylon/cellulose SMS® 2.1,0.3,0.67,023 L-m -h ' -bar ' (H,0), 68%, [78]
membranes acetate 99.5%, 93.5%, 100% (MR®, MB?, Rb®, BBY)
Ti;C,T, membrane ~ VF? PVDF? Molecular SMS? 887 L-m 2-h '-bar ' (H,0), > 99.4% (Oil) [52]
crosslinking
Ti3C,T, membrane ~ VF® Commercial papers SMsS? 450 L-m 2-h ' bar ! (H,0), > 99% (Oil) [51]
Ti;C,T, membrane  VF¥ PESY SMS? 540 L-m 2-h ' -bar ' (H,0), 99.94% (Oil) [48]
TizC, membrane VEY Glass fiber Li-S battery [79]
Ti;C,T, membrane  VF®  Mixed cellulose SMS? 28.9440.74 L-m2-h ' -bar ' (H,0), 100+£0.1% (MB?Y) [80]
ester
TisC,T, membrane  VF? PES™ SMS? 115 L-m2-h!bar! (H,0), 92.3% (CRY) [81]
Ti3C,T, membrane ~ VF? Nylon Wrinkles SMS® 70, 64, 61 L-m >+h™' -bar ' (H,0), 76.4%, 67.7%, [58]
construction 84.3% (AY14), EY®, EBY)
Ag@TisC,T, VFY PVDF® NPs intercalation ~ SMSY 387.05, 354.29, 345.81 L-m 2-h ™' -bar ! (H,0), 79.93%, [59]
membrane 92.32%, 100% (RB™, MG™, BSA®)
TisC,T, membrane  VF? AAOP Template sacrifice ~ SMS® >1000 L-m 2-h ' -bar ' (H,0), > 90% (size large [46]
method than 2.5 nm)
TiO,-TisC,T, DC?  Hollow fiber 2D scaffolds SMS® 90 L-m2-h™"-bar”' (H,0), > 22000 Da (dextran) [62]
membrane
TiO5-TizC,T, DC?  Hollow fiber 2D scaffolds SMS? 102 L-m2-h '-bar ' (H,0), 14854 Da (dextran) [82]
membrane
Ti;C,T,/PAN" ES® MXene as additives  SMS® Pressure drop: 42 Pa, 99.7% (PM2.5) [83]
hybrid membrane
Ti;C,T,/GO VEY Nylon SMsS? 21.02, 48.32, 25.03, 10.76, 6.18 L-m 2+h ' -bar ! [23]
membrane (H,0, CPY, MeOH™, EtOH", IPA™), > 90%
Ti;C,T, membrane  VF® Nylon Surface grafting ~ SMS®  3337,3018 L-m 2-h'-bar ' (ACN®, MeOHY), > 92%, (MBY) [54]
Ti;C,T,/(PEPY/ Dc*! PAN"” Modified MXene as SMS®  PEI”’ membrane: 2.6, 0.3 L-m 2-h ™' -bar ' (IPA™, N/A®)), 96%, [61]
PDMS?) hybrid additives 800 Da (PEG"V, 10 bar); PDMS? membrane: 0.3,
membrane 1.5L-m2-h ' -bar ' (IPA™, N/A*), 97%,
800 Da (PEG®V, 10 bar)
Ti;C, T /(PERY/ D¢V PAN? MXene as additives SMS®  PEI) membrane: 25.8, 19.1, 15.1, 6.4 L-m 2-h ' -bar ! (IPAY, [84]
PDMS?) hybrid EAC®Y, MEKD, N/A®D), 200 Da; PDMS? membrane:
membrane 19.8, 149 L-m2-h '-bar ' (TL™, EAC®Y), 320 Da
TizC,T,/P848Y e MXene as additives SMS 268 L-m2-h ' -bar ' (H,0), 408 Da (GV')) [85]
hybrid membrane
RGO'V/PDAXY/ VF? Nylon SMS? >200 L-m2-h'-bar ' (H,0), > 96% (MB?,

MXene hybrid
membrane

MO, MR®, CR, EBY)

a) VF: vacuum filtration; b) SMS: small molecules sieving; ¢) MR: methyl red; d) MB: methylene blue; ¢) Rb: rose bengal; f) BB: brilliant blue; g) PVDF:
polyvinylidene difluoride; h) PES: polyethersulfone; i) CR: congo red; j) AY 14: acid yellow 14; k) EY: eosin Y; 1) EB: evans blue; m) RB: rhodamine B; n) MG: methyl
green; 0) BSA: bovine serum albumin; p) AAO: anodic aluminum oxide; q) DC: dip-coating; r) PAN: polyacrylonitrile; s) ES: electro-spinning; t) CP: acetone; u)
MeOH: methanol; v) EtOH: ethanol; w) IPA: isopropanol; x) ACN: acetonitrile; y) PEIL: polyethyleneimine; z) PDMS: polydimethylsiloxane; al) Dc: drop-casting; bl)
PEG: polyethylene glycol; cl) EAC: ethyl acetate; d1) MEK: butanone; el) N/A: n-heptane; f1) TL: toluene; g1) P84: polyimide; h1) PI: phase inversion; il) GV:

gentian violet; j1) RGO: reduced graphene oxide; k1) PDA: polydopamine; 11) MO: methyl orange.

with distilled water by centrifugation to achieve a pH of 4—
6 [2,30,32]. The M—A bonds are destroyed by HF and the
Al atoms are replaced by F, O, and OH atoms/groups. The
relatively weak hydrogen and van der Waals bonds enable
loosely packed MXenes to readily be delaminated by
ultrasound and intercalated with large cations [40,42]. A
suitable reaction temperature, HF concentration, etching
time, and MAX-phase particle size are all vital for the
production of high-quality MXenes in high yields [40]. A

simplified freezing and thawing approach was recently
effectively used to exfoliate multilayer MXenes in
remarkably high yields [44].

To reduce the risk of hazardous HF, an in-situ HF
formation strategy based on the reaction of LiF with HCI
has been implemented, which is safer, easier, faster, and
higher yielding [33]. Furthermore, researchers prefer to not
to use F-containing compounds to avoid possible con-
tamination. The selective electro-chemical etching method
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Fig. 2 Schematic depicting the typical etching and sonication process for MXene (Ti;C,T,) synthesis. Reproduced with permission

from ref. [30]. Copyright 2011 Wiley-VCH GmbH, Weinheim.

recently developed for the synthesis of the Ti,CT, MXene
is hard to scale up, but is a meaningful fluoride-free
synthesis route [86]. Another fluorine-free method, which
uses molten ZnCl, salt to prepare new MAX phases, also
represents an important advance that broadens experi-
mental research on fluorine-free MXenes [87].

2.2 MXene nanosheet assembly

Surface-terminating functional groups (—O, —OH, and —F)
endow MXenes with negative charge, which effectively
hinders single-layered MXene nanosheets from overlap-
ping and aggregating in solution for several months due to
strong electrostatic repulsion [88,89]. Laminar MXene
membranes are mainly prepared by facile vacuum
filtration; once MXene nanosheets are stacked together,
they become interlocked in a parallel fashion that leads to
the assembly of the robust MXene membrane [90].
Possible mechanisms for the formation of 2D MXene
membranes may be similar to those for GO-based
membranes [91]. Compression generated by external
force reduces the inter-layer spacing between MXene
nanosheets; consequently, MXene nanosheets are oriented
perpendicular to the direction of extraction and form
highly ordered parallel layers. This process is also
affected by interactions between functional groups. On
one hand, electrostatic repulsion between adjacent MXene
nanosheets prevents random assembly, while on the other
hand, the formation of hydrogen bonds between functional
groups reduces the tendency of MXene nanosheets to
dissociate. Membrane thickness depends on material load
of MXene nanosheets. When additives, such as small
molecules and nanoparticles (NPs), are introduced in the

aforementioned assembly process, they interact with the
MXene nanosheets to facilitate the formation of the
required composite structure [46,75].

In addition to above-mentioned methods, MXene hybrid
membranes have also been assembled by thoroughly
blending MXenes with polymers; the chemical bonds
formed between the oxygen-containing functional groups
on an MXene and a polymer significantly reduce polymer-
chain mobility and create well-formed galleries for
molecular transport [60]. To date, MXene hybrid mem-
branes have usually been prepared by drop-casting [61],
spin-coating [72], phase-inversion [85], and electro-
spinning [83] methods.

2.3 Lamella properties of MXene

The narrow interlayer spacings formed by regular MXene
nanosheets are highly versatile and facilitate the transport
of small molecules while impeding molecules that are
larger than the layer spacing [56]. This size-effect
phenomenon is mainly responsible for the abilities of
MXene lamellas to separate. Gogotsi et al., the discoverers
of MXene [45], were the first to investigate the molecular
sieving abilities of MXene (Ti;C,T,) membranes. The
confined transport channels in MXene membranes effec-
tively exclude molecules larger than the interlayer distance
(~6.4 A); for example, MB* (Methylene Blue) showed
almost no permeation (only 7 x 10 mol-h'-m?).
Similarly, Ding et al. [46] prepared an anodic aluminum-
oxide-supported MXene membrane that exhibited excel-
lent water permeance (more than 1000 L-m-h'-bar')
and excellent rejection rates (over 90 %) for molecules
larger than 2.5 nm (Fig. 3(a)). Zhang et al. [80] also
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recently developed an MXene membrane for dye rejection
that exhibited outstanding performance (dye water flux:
4497 + 2.19 L-m>-h'-bar’'; dye removal: 100% =+
0.1%, MB) at a feed concentration of 75 mg-L™'. They
found that dye removal was affected by the adsorption
capacity of the MXene membrane at the start of the
experiment. In addition to dye adsorption, the size effect
was observed to play a leading role when dye molecules
occupy all adsorption sites, with slightly lower rejection
rates observed. The decrease in water flux was attributed to
the rejected dye molecules accumulating around the
MXene edges and resisting water transport. The size effect
in MXene membranes has also been demonstrated in
pervaporation (PV) desalination processes. Liu et al. [63]
found that MXene membranes with interlayer distances of
0.35 nm selectively transported water molecules with
kinetic diameters of 0.29 nm and resisted other larger ions;
higher water fluxes were achieved by MXene membranes
with smaller MXene nanosheets due to their relatively
loose stacking structures. In addition, MXene membranes
were also used to suppress lithium polysulfide (LiPS)
shuttling in a Li-S battery based on the size effect of
MXene lamellas, which act as an additional conductive
network as well as a LiPSs reservoir [79]. The discharge
capacity of the Li-S battery was enhanced by a factor of 15
when glass fibers were covered with few-layer MXene
nanosheets by vacuum filtration (Fig. 3(b)).

In addition to the size effect, the surface charge of the
MXene nanosheet also greatly affects the separation
performance of the membrane. For example, Ren et al.
[45] found that MXene membranes are significantly more
selective toward differently charged cations compared to
GO (Fig. 4(a)). Singly charged ions (such as K* and Na™)
are able to pass through the channels in an unimpeded
manner. More importantly, they attract to both faces of
the MXene nanosheets to form electric double layers,
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thereby effectively increasing the interlayer distance and
facilitating water transport (Fig. 4(b)) [45]. However,
multiply charged cations (Mg>*, Ca**, and AI**) that have
radii slightly smaller than the interlayer distance only
slowly migrate into the channels. Meanwhile, the shrink-
age of adjacent MXene nanosheets further prevents any
increase in permeation due to electrostatic attraction
between these cations and the negatively charged MXene
surfaces. Therefore, Na* (1.53 mol-h™'-m) was found to
permeate 7-times faster than Ca®", and 25-times faster than
AP,

Thirdly, the specific affinities of adjacent MXene
nanosheets for gas molecules also facilitate molecular
transport or buffer their movement by adsorption. For
example, Ding et al. [47] first demonstrated the
potential abilities of 2D MXene materials to sieve gas
molecules using the size effect and the affinities of
MXenes for CO,. Self-supporting MXene membranes
(Fig. 5(a)) with a d-spacing of 0.35 nm were prepared to
sieve gaseous He, H,, CO,, and O,, among others; they
exhibited excellent permeabilities and selectivities for
hydrogen (H, permeance = 1201 GPU; H,/CO, selectiv-
ity > 160, Fig. 5(b)). Molecular dynamics (MD) simula-
tions [69] revealed that the D (diffusion coefficient) values
of He and H, in tightly stacking MXene membranes
(d< 6A) were one-to-three orders of magnitude higher
than those of molecules with large kinetics diameters (e.g.,
CO,, N, and CHy), consequently, clear cut-off behavior
between H, and larger gas molecules was observed. In
particular, CO, molecules moved more slowly (lower
diffusivity) due to the higher quadrupole and polarizability
of CO,. A similar phenomenon was also observed by Shen
et al. [49]; an ultrathin (20-nm-thick) MXene membrane
exhibited excellent H, separation performance (H, per-
meance= 1584 GPU; H,/CO, selectivity >27) that
exceeded the 2008 Robeson upper-bound for polymeric
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Fig. 3 (a) Separation performance of MXene membranes for molecules with various sizes. Reproduced with permission from ref. [46].
Copyright 2017 Wiley-VCH GmbH, Weinheim; (b) schematic of LiPS shuttling in a Li-S battery with few-layered MXene nanosheets.
Reproduced with permission from ref. [79]. Copyright 2016 Royal Society of Chemistry.
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[47]. Copyright 2018 Springer-Verlag GmbH Germany; (c) cross-sectional SEM image of an ultrathin MXene membrane; (d) comparing
the H,/CO, separation performance of the ultrathin MXene membrane and state-of-the-art gas separation membranes. Reproduced with
permission from ref. [49]. Copyright 2018 Wiley-VCH GmbH, Weinheim.

membranes (Figs. 5(c) and 5(d)).
With the exceptions of the above properties, the
hydrophilicity and oleophobicity performance of MXene

nanosheets can also be used to sieve small molecules, such
as oil droplets. For instance, Saththasivam et al. [51]
reported a pioneering study on the oil/water separation
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performance of a selective MXene (TizC,T,) layer
(Fig. 6(a)). Due to its superoleophobicity (contact angle:
137°) and suitable channel size, the membrane showed a
sieving efficiency of 99% for an oil/water emulsion as well
as an ultrahigh water flux of 450 L-m2-h'-bar '. Li et al.
[48] also prepared an ultra-thin MXene membrane with
excellent oil/water emulsion-separation performance (Fig.
6(b)). Moreover, these MXene membranes showed higher
oil rejection for salt-containing oily wastewater due to ion
intercalation that reduced the interlayer spacing.

3 Designhing MXene-based membranes

Compared with traditional polymer and ceramic mem-
branes, 2D MXene membranes have numerous distin-
guished properties, such as hydrophilism, flexibility, and
superior mechanical strength [88,92]. The randomly
distributed nanowrinkles and interlayer spacings derived
from abundant terminating functional groups (oxygen (=
0), hydroxyl (—OH), and fluorine (—F)) form intercon-
nected nanochannels for gas molecules, ions, and other
small molecules [47,58,63,70,71,79]. To date, MXene
membranes have shown great potential in molecular-
separation applications, such as gas separation [47,49],
desalination [45,63], and wastewater treatment [80,81].
However, shortcomings, such as the uncompetitive water
fluxes of MXene membranes, as well as poor stability and
mechanical strength due to membrane swelling and
imperfect stacking, still limit their applications in practical
separation processes. A series of strategies have been
proposed by researchers to deal with these challenges and

& 6 Water W Qil

MXene nanoflakes

Print paper

significantly enhance the permeabilities, stabilities, and
strengths of 2D MXene membranes. MXenes also can be
used as additives to form MXene hybrid membranes. The
introduction of MXene nanosheets improves molecular
transport in a polymer membrane, while acting as versatile
platforms for specific polymer membrane functionalities.
In addition, MXenes can be used as 2D scaffolds to assist
and improve membrane preparation processes.

3.1 Cross-linking MXene nanosheets

While the water-swelling behavior of MXene lamellas
favors high permeation fluxes, the correspondingly larger
d-spacing partially weakens sieving performance and
decreases the stability of the MXene membrane [45].
The degree of water swelling needs to be controlled to
provide an excellent balance between permeability and
selectivity. Fortunately, the abundant oxygen-containing
functional groups on MXene nanosheets endow them with
sufficient flexibility in this regard due to their high
reactivities and abilities to be modified. To date, several
chemical cross-linking techniques, such as self-cross-
linking [53,57], molecular crosslinking [67,75], and ionic
crosslinking [68], have been used to adjust the water-
swelling behavior of MXene stacks in order to improve the
quality and separation performance of MXene membranes.
Lu et al. [57] developed a self-crosslinked MXene
membrane with outstanding ion-rejection performance
and stability. Facile thermal treatment led to dehydration
reactions involving hydroxyl functional groups on adjacent
MXene nanosheets, which resulted in interlocked
structures (Fig. 7(a)). Due to the reduced d-spacing, the

Fig. 6 (a) Schematic illustration of an MXene membrane for oil droplet sieving. Reproduced with permission from ref. [51]. Copyright
2016 Royal Society of Chemistry; (b) photographic images of a toluene/water emulsion and the permeate after separation by an MXene
membrane. Reproduced with permission from ref. [48]. Copyright 2019 Elsevier.
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Fig. 7 Schematics of cross-linked MXene (Ti3C,T,) membranes formed by (a) self-crosslinking. Reproduced with permission from ref.
[57]. Copyright 2019 American Chemical Society; (b) molecular crosslinking. Reproduced with permission from ref. [49]. Copyright

2018 Wiley-VCH GmbH, Weinheim; (c) ionic crosslinking.

ion-exclusion performance of the self-crosslinked MXene
membrane was enhanced by a factor of at least 30
compared to that of the pristine MXene membrane. At the
same time, the self-crosslinked MXene membrane exhib-
ited excellent structural stability during ion separation.
This self-crosslinking strategy is a facile and efficient
method for improving the anti-swelling properties of many
2D materials with tunable functional groups.

On the other hand, the molecular crosslinking strategy
not only forms interlocked structures that enhance
structural stability, but it can also be used to introduce
additional properties into MXene membranes that improve
separation flexibility [55,67]. Liu et al. [75] intercalated
positively charged hyperbranched polyethylenimine
between negatively charged MXene nanosheets to dehy-
drate isopropanol by pervaporation. Highly ordered 2D
stacked nanochannels were assembled through electro-
static interactions. On account of water sorption and size-
sieving effects, these membranes showed a high water
content (> 99%) in the permeate and similar high fluxes
(1069 + 47 g-m>-h™"). Moreover, crosslinking CO,-
philic molecules was shown to regulate the gas-sieving
performance of an MXene membrane. Shen et al. [49]
reported a 2D MXene membrane intercalated with
CO,-philic molecules and with tunable transport nano-
channels for CO, capture, which highlighted the versatility
and flexibility of the molecular crosslinking strategy
(Fig. 7(b)). Pristine MXene membranes with large
d-spacings were unable to discriminate between CO,
(0.33 nm), CH4 (0.38 nm), and N, (0.36 nm). Cross-
linking with CO,-philic molecules (such as borate and
polyethylenimine) resulted in the reversible adsorption and
release of CO, molecules in the MXene nanochannels,
which facilitated their transport and enhanced selectivity
for CO, over other molecules.

The abundant functional groups on the surfaces of
MXene nanosheets can also form coordination bonds to
metal ions (Fig. 7(c)), which can potentially be used to
enhance the anti-swelling properties of MXene membranes
through ionic crosslinking strategies [68]. Recently, Ding
et al. [68] reported an Al*"-intercalated MXene membrane

with excellent anti-swelling properties. AI’* was inter-
calated into the pristine MXene membrane through
concentration diffusion and adjacent MXene nanosheets
locked by the formation of Al-O bonds. The swelling of
the MXene membrane was clearly inhibited through strong
interactions between the oxygen functional groups and
APP*. The permeation rates of ions (e.g., K, Na*, Lit,
Ca*", and Mg?") through the AI*'-intercalated MXene
membrane were two orders of magnitude lower than those
of the pristine membrane, while also exhibiting out-
standing anti-swelling properties in long-term stability
testing in water for up to 400 h. The aforementioned three
crosslinking strategies provide guidance for the develop-
ment of high-quality nanosheet-based membranes.

3.2 Constructing additional nanochannels

MXene membranes have shown great promise in terms of
separation performance, however MXene membrane
permeation still falls short of the requirements of a number
of applications. Their channels are less fluidic (narrow
interlayer spaces and few randomly distributed nanoscale
wrinkles) and their slow diffusion rates greatly affect the
ability to improve permeation performance. Constructing
additional nanochannels has been an effective strategy for
significantly improving permeability while retaining high
rejection rates [46,58,59,93]. Recently, Xing et al. [58]
prepared reinforced crumpled MXene lamellar membranes
by a facile freeze-drying method (Fig. 8(a)); these
membranes showed ultrafast water and organic solvent
permeation due to the higher number of transport
nanochannels provided by the wrinkles. In addition, the
presence of interlayer NPs creates additional nanochannels
or interlayer voids, facilitating water movement through
shorter transport pathways. Pandey et al. [S9] prepared an
intercalated Ag@MXene membrane by the in-situ reduc-
tion of silver nitrate to Ag NPs (Fig. 8(b)). The water flux
of the Agl@MXene membrane (21%) was more than four-
times that of the pristine membrane for the rejection of
rhodamine B (RhB), methyl green (MG), and bovine
serum albumin (BSA). It is worth noting that the Ag NPs in
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Fig. 8 (a) Schematic of a crumpled MXene lamellar membrane. Reproduced with permission from ref. [58]. Copyright 2020 American
Chemical Society; (b) schematic of an ultrahigh-flux and fouling-resistant membrane created by in-situ formed Ag NPs. Reproduced with
permission from ref. [59]. Copyright 2018 Royal Society of Chemistry; (c) schematic of the preparation of a porous MXene membrane by
the template-sacrifice method. Reproduced with permission from ref. [46]. Copyright 2017 Wiley-VCH GmbH, Weinheim; (d) schematic
of molecular configurations within nanochannels (MD simulations). Reproduced with permission from ref. [54]. Copyright 2019 Wiley-

VCH GmbH, Weinheim.

the MXene membrane concurrently deactivate pathogens
to ensure penetration of high-quality water while prolong-
ing the lifespan of the MXene membrane.

Transport resistance can be lowered by etching the NPs
in the MXene membranes. Prior to the development of the
freeze-drying and crumpling, and Ag NP assistance
methods, Ding et al. [46] reported pioneering nanochan-
neled MXene membranes fabricated using Fe(OH); NPs as
sacrificial templates (Fig. 8(c)). The additional nanochan-
nels and short transport pathways created by facile etching
with HCI endowed these MXene membranes with
ultrahigh water fluxes (5-10 times higher than those of
the pristine MXene membrane) without sacrificing the
rejection rate. Moreover, functional groups with affinities
for specific molecules can be used to construct additional
nanochannels between adjacent MXene nanosheets. Wu

et al. [54] prepared MXene membranes by chemically
grafting hydrophobic (—-C¢Hs, —C;,H,5) and hydrophilic
(-NH,) groups (Fig. 8(d)). The MXene membranes with
hydrophilic nanochannels exhibited ultra-high transmit-
tances (>3000 L-m?-h'-bar') for polar molecules,
which were more than three-times higher than those for
membranes with hydrophobic nanochannels, which is
ascribable to polar molecules forming orderly aligned
aggregates along the hydrophilic nanochannels, whereas
they are arranged in a disorderly fashion in hydrophobic
nanochannels.

3.3 MZXene hybrid membranes

When MXenes are used as additives to form MXene
hybrid membranes, the abundant functional groups on the
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MXene surfaces chemically bond to the polymer chains to
reduce the formation of interfacial defects. Meanwhile,
small numbers of MXene nanosheets can assemble into
several-layered MXene stacks with linear diffusion high-
ways and interlayer spacings for molecular sieving. The
strategy of introducing MXenes into polymer membranes
has been shown to be effective for improving separation
performance [60,61,72,74,76,85]. Xu et al. [76] fabricated
an MXene/chitosan hybrid membrane for pervaporation
dehydration by incorporating MXene nanosheets into
chitosan. The added MXene nanosheets improved the
selectivity for H,O diffusion over ethanol/ethyl acetate/
dimethyl carbonate, leading to a remarkable enhancement
in membrane performance (Fig. 9(a)). The MXene/
chitosan hybrid membrane exhibited fluxes of 1.4-1.5
kg -m™-h™' and separation factors of 1421, 4898, and 906
for the dehydration of ethanol, ethyl acetate, and dimethyl
carbonate at 50 °C. In addition, the introduction of MXene
nanosheets into hybrid membranes also effectively
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enhanced their gas separation abilities. Shamsabadi et al.
[60] prepared MXene hybrid membranes for CO, capture
by embedding MXene (Ti3;C,T,) nanosheets in pebax 1657
(Fig. 9(b)). Due to the presence of high-speed selective
TizC,T, nanochannels, the membrane enabled fast and
selective CO, transport, which exceeded Robeson’s upper
bound. The same transport properties were observed for
MXene hybrid membranes based on pebax 2533 and
polyurethane, highlighting the universality of this strategy
[60].

Moreover, MXene nanosheets can also be used as
bridges for the introduction of other specific functionalities
into polymer membranes. Hao et al. [61] prepared MXene
hybrid membranes by adding multi-functional MXene
nanosheets for specific solvent transport (Fig. 9(c)). Hybrid
membranes containing MXene nanosheets modified by
various functional groups showed very different solvent-
transport behavior. Membranes containing —NH, and
—COOR groups facilitated the transport of polar molecules,

N/ 5
/,\ \*f//\(?]’ ~
>

PDMS-based membrane

Fig. 9 (a) Performance of 3 wt-% MXene/chitosan hybrid membrane for ethyl acetate dehydration. Reproduced with permission from
ref. [76]. Copyright 2018 Elsevier; (b) schematic showing the hydrogen bonds between MXene (Ti;C,T,) nanosheets and pebax chains.
Reproduced with permission from ref. [60]. Copyright 2020 American Chemical Society; (c) schematic depicting MXene modification
and the microstructures of MXene hybrid membranes based on various functional groups. Reproduced with permission from ref. [61].

Copyright 2017 Elsevier.
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such as isopropanol, due to their affinities for polar
molecules, while blocking non-polar solvent molecules.
On the other hand, membranes with —C4Hg and —C,H»¢
groups exhibited the opposite behavior. The addition of
MXene nanosheets effectively transfers the task-specific
functionalities of the MXene to the hybrid membrane; this
facile strategy provides guidance for the construction of
task-specific membranes.

3.4 MXenes as 2D scaffolds

While the abundant functional groups of MXene
nanosheets have been widely used to regulate membrane
microstructures, the robust 2D assemblies of the MXene
nanosheets themselves can be used as 2D support frame-
works that facilitate the formation of inorganic mem-
branes. For instance, the sol-gel method is commonly used
to prepare inorganic mesoporous membranes [94,95];
however, the sols often suffer from serious penetration
issues, a consequence of the larger support pores, which
results in the formation of defects. A toughened network-
structured gel that effectively reduces gel penetration was
formed by introducing 2D nanosheets into a TiO, sol
[96,97]. In this respect, Xu et al. successfully used the
lamellar structures of MXenes to assist the sol-coating
process [62]. As shown in Fig. 10, a TiO,@MXene sol was
prepared by rapidly mixing an MXene dispersion with a
TiO, sol. The 3D support framework was formed by
assembling the 2D MXene nanosheets and the TiO, NPs
therein. The tendency to penetrate into the membrane
support of the TiO,@MXene sol was prevented by the
“floor tile” effect of the MXene nanosheets. The designed
mesoporous membrane supported by a 2D MXene frame-
work exhibited outstanding separation performance, with a

Membrane
surface

Membrane
Cross-
section

9

MXene
dispersion

water flux of more than 90 L-m2-h'-bar ' and a cut-off
molecular weight of 22000 Da.

The introduced 2D MXene scaffolds also improve
membrane separation performance. Sun et al. [82]
investigated the roles of MXene nanosheets in MXene-
TiO, mesoporous membranes. The addition of MXene
nanosheets not only inhibited sol penetration during
membrane preparation, but also provided longitudinal
and lateral transport pathways for dextran between MXene
nanosheets and TiO, NPs. The optimal mesoporous
membranes showed excellent separation performance,
with a water flux of more than 102 L-m>-h'-bar ' and
a cut-off molecular weight of 14854 Da.

4 Conclusions and outlook

MXenes have emerged as candidate materials with
tremendous potential for membrane separation applica-
tions. In this timely mini-review, we systematically
summarize the synthesis, separation mechanisms, and
design strategies for MXene membranes. MXene separa-
tion mechanisms involved in gas molecule sieving, ion
sieving, and small molecule sieving, as well as the latest
strategies for enhancing separation performance (such as
crosslinking and the construction of additional nanochan-
nels) are especially emphasized. Recent progress in
MXene-based membranes, where MXenes not only act
as multifunctional additives but also as flexible 2D
scaffolds, is also discussed. Although MXene membranes
have shown excellent separation performance, their use in
other membrane-separation applications, such as electro-
dialysis, forward osmosis, and as bipolar membranes,
remains insufficiently developed and needs to be investi-

Fig. 10 Schematic of the preparation process for a mesoporous TiO,-MXene membrane. Reproduced with permission from ref. [62].

Copyright 2018 Elsevier.
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gated for a variety of purposes by combing the properties
and functions of MXene materials.

The abundant functional groups on the surfaces of
MXenes are still the main sources of creative inspiration
for solving the limitations encountered by membranes,
such MXene oxidation, the lack of control over the
interlayer space, membrane instability, and general unsa-
tisfactory performance. Hydrogen annealing has been
proven to be effective for suppressing MXene oxidation
by partially sintering flakes at high temperatures, but the
changes in the surface functional groups may disadvantage
membrane preparation and modification [98]. Edge
capping has been suggested as a method for selectively
functionalizing the edges of MXene sheets in a different
manner to their surfaces using polyanionic salts [99],
which provides a reference for mitigating oxidation by
surface modification. Modifying MXenes by grafting
functional groups (—-C¢Hs, —C1,H,s, and -NH,, etc.) and
crosslinking with molecules (PEI, PVA, borate, amine,
pebax, maleic acid, and PDDA, etc.) has proven to be
effective for enhancing MXene membrane stability and
separation performance, but more attention needs to be
paid to its oxidation-retarding effects. In addition, based on
the flexibility provided by functional-group modification,
more MXene-film applications, such as in analysis,
detection, and drug-delivery systems, can be explored.

At the raw material stage, efficient etching methods are
required to improve yields and, consequently, reduce costs
and promote MXene membrane applications. In addition to
traditional HF etching, two significant methods (water-free
etching in a polar organic solvent and the freezing and
thawing approach) have been developed to date. Moreover,
while MXenes form a large family of materials, more than
70% of current MXene research is based on the first-
discovered MXene; i.e., Ti3C,T,. The majority of MXenes
are underexplored and need to be developed for various
applications, such as photoelectric devices [100], energy
storage [33], and photocatalysis [101].

MXene applications also go far beyond those mentioned
above, and to demonstrate their versatility we highlight the
special applications of MXenes as 2D scaffolds. Moreover,
further special uses of MXenes can be anticipated, such as
in photo-thermal therapy [102], shape memory materials
[103], and textile triboelectric nanogenerators [104],
among others.

In a word, recent work on MXene membranes has
revealed that they are advanced representatives of next-
generation multifunctional membranes for task-specific
sieving applications. Additional applications and improved
MXene membrane strategies need to be explored in order
to realize a bright future for this cutting-edge molecular
separation field.
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