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HIGHLIGHTS

• A broad overview of MXenes and MXene-based nanomaterials in desalination is presented.

• Recent advancement in the synthesis of MXenes for applications in desalination is critically evaluated. Salt removal mechanisms and 
regeneration capability of MXenes are appraised.

• Current challenges and future prospect of MXenes in desalination are highlighted. Research directions are provided to safeguard the 
applications of MXenes in future desalination.

ABSTRACT MXenes, novel 2D transition metal carbides, have 
emerged as wonderful nanomaterials and a superlative contestant for a 
host of applications. The tremendous characteristics of MXenes, i.e., 
high surface area, high metallic conductivity, ease of functionalization, 
biocompatibility, activated metallic hydroxide sites, and hydrophilic-
ity, make them the best aspirant for applications in energy storage, 
catalysis, sensors, electronics, and environmental remediation. Due to 
their exceptional physicochemical properties and multifarious chemical 
compositions, MXenes have gained considerable attention for applica-
tions in water treatment and desalination in recent times. It is vital to 
understand the current status of MXene applications in desalination 
in order to define the roadmap for the development of MXene-based 
materials and endorse their practical applications in the future. This 
paper critically reviews the recent advancement in the synthesis of MXenes and MXene-based composites for applications in desalination. 
The desalination potential of MXenes is portrayed in detail with a focus on ion-sieving membranes, capacitive deionization, and solar 
desalination. The ion removal mechanism and regeneration ability of MXenes are also summarized to get insight into the process. The 
key challenges and issues associated with the synthesis and applications of MXenes and MXene-based composites in desalination are 
highlighted. Lastly, research directions are provided to guarantee the synthesis and applications of MXenes in a more effective way. This 
review may provide an insight into the applications of MXenes for water desalination in the future.
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1 Introduction

MXenes (pronounced “maxines”), a new family of 2D tran-
sition metal carbides, nitrides, and carbonitrides, were dis-
covered by researchers at Drexel University in 2011 [1–4]. 
The first-ever MXene comprised of 2D titanium carbide 
 (Ti3C2) was synthesized by selectively etching the “A” (Al 
atoms) in layered hexagonal ternary carbide,  Ti3AlC2, with 
hydrofluoric acid (HF) at room temperature [1]. MXenes 
are represented by the general formula  Mn+1XnTx (n = 1–3) 
and are derived from the precursor MAX phase  (Mn+1AXn), 
where M is an early transition metal, X is carbon and/or 
nitrogen, A represents an element from groups 12 to 16, 
T denotes the surface termination groups such as fluorine 
(−F), oxygen (=O), chlorine (−Cl), and hydroxyl (–OH), 
and x represents the number of surface functionalities [2, 
5–13]. In the MAX phase, A layer is sandwiched within 
octahedral  Mn+1Xn, with strong M–X bond and relatively 
weak M–A bond [14–16]. MAX phases  (Mn+1AXn) form-
ing elements of the periodic table are highlighted in Fig. 1 
[17]. The interlayer spacing of MXenes is usually in the 

range of 1 nm and is dependent on the value of n in MXenes 
 (Mn+1XnTx) [13].

So far, nearby 30 MXenes compositions are reported in 
the literature that have been synthesized from the MAX 
phase precursors primarily by incorporating two or more 
transition metals in the M layers [5, 18–21]. Among them, 
titanium-based MXenes (such as  Ti3C2Tx and  Ti2CTx) are 
extensively employed in environmental applications [1, 
18]. Besides carbides, other MXenes structures with nitride 
and carbonitride have also been employed in various fields 
[19, 22–25]. Owing to their unique layered structures and 
2D morphology, MXenes can be easily exploited to form a 
composite with other materials to enhance their properties 
[25–30].

MXenes have arisen a significant consideration of sci-
entists and academicians due to their fascinating chemi-
cal, mechanical, electronic, and magnetic properties [18]. 
The incredible features of MXenes including, but not 
limited to, high surface area, environmentally friendly 
nature, biocompatibility, activated metallic hydroxide sites, 
ease of functionalization, antibacterial properties, high 

Fig. 1  Elements in the periodic table that are known to form  Mn + 1AXn phases. Reprinted with the permission from Ref. [17]. Copyright © 
(2019) Elsevier Ltd and Techna Group S.r.l
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metallic conductivity, and hydrophilicity make them an 
ideal candidate for various applications such as environ-
mental remediation, energy storage, electronics, sensors, 
and catalysis [6, 14, 16, 28, 31, 32]. The exceptional elec-
trical conductivity (~ 6500 S m−1) and high surface area of 
MXenes (up to 347 m2 g−1) are essential characteristics for 
their applications in conductive films, electrical measure-
ments, adsorption, and energy storage [6, 13, 33]. Recent 
studies demonstrated that MXenese also holds a prominent 
future in water splitting applications [34, 35]. MXenes have 
also been studied as an emerging material for application in 
water purification, i.e., capacitive deionization, membranes, 
and adsorption [36–45].

This review is focused on the evaluation of MXenes and 
MXene-based composites for applications in desalination. 
The desalination potential of MXenes is portrayed in detail 
with an emphasis on ion-sieving membranes, capacitive 
deionization, and solar desalination. The key challenges 
and issues allied with the synthesis and applications of 
MXenes and MXene-based composites in desalination are 
highlighted. Future research directions are provided to guar-
antee the efficient synthesis and applications of MXenes in 
desalination.

2  Desalination Potential of MXenes

MXenes and their composites have demonstrated a sub-
stantial potential in numerous environmental applications 
such as adsorption, membrane separations, and capacitive 
deionization. MXenes are promising aspirants for water 
purification membranes owing to their hydrophilicity, high 
surface area, and excellent mechanical and electrical prop-
erties [46–48]. MXenes and MXene-based composites are 
favorable candidates in desalination applications. MXene 
 (Ti3C2Tx) has a low contact angle of 21.5°, and it exhibited 
excellent stability in water even after vigorous shaking that 
makes them an ideal candidate for desalination applications 
[49].

2.1  Ion‑Sieving Membranes

MXene nanosheets can be employed for rejection of size- 
and charge-selective rejection of molecules and ions either 
in freestanding or supported membranes. Performance 
evaluation of different MXene membranes for potential 

applications in desalination is presented in Table 1. Mol-
ecules can be separated via size exclusion through the 
stacked layers and by interaction with the charged MXene 
layers. Smaller ions from water can be eliminated due to 
constrained interlayer spacing of MXenes. The water flux 
through MXene  (Ti3C2Tx)-based membranes was high, and 
the membranes exhibited excellent separation potential for 
various ions based on charge and hydration radius of the 
ion [36, 50].

Ren et al. [36] fabricated the  Ti3C2Tx membrane by 
a vacuum-assisted filtration (VAF) method (Fig. 2) and 
reported the selective sieving of various cations through 
the membrane. The thickness of the membrane played a 
crucial role in water permeation through the membrane. 
The flux through the MXene membrane declined with 
increasing thickness until reaching a steady-state value at 
higher thickness. MXene membrane exhibited an ultrafast 
water flux ~ 38 L  (m2 h bar)−1 at the membrane thickness 
of 1500 nm.

As depicted in Fig.  3, the interlayer distances of the 
 Ti3C2Tx membranes expedite the fast flow of water. The per-
meation rates of alkali, alkaline earth  (Li+,  Na+,  K+,  Mg2+, 
and  Ca2+), transition and other metal  (Ni2+ and  Al3+), and 
 methylthioninium+  (MB+) dye cations followed the order: 
 Na+ > Li+ > K+ > Ca2+ > Ni2+ > Mg2+ > Al3+ ≫ MB+. The 
permeation was found dependent on both the cations’ size 
and charge. Single-charged  Na+ or  K+ ions were found to 
intercalate readily into the MXene membrane compared to 
the double-charged  Mg2+ ions and bulky ions such as  Al3 +. 
MXene membranes show better selectivity toward charged 
metal cations and dye cations of different sizes than gra-
phene oxide [36].

Cations with larger radii than the interlayer distance 
(~ 6.4 Å) are debarred based on size. Cations with radii 
smaller than the interlayer distance can penetrate into the 
interlayer capillary pathways and increase the interlayer 
spacing. However, when abundant ions are intercalated, the 
electrostatic attraction between the charged ions and nega-
tively charged MXene surface results in shrinkage of the lay-
ers. Finally, single-charged ions  (Na+) can pass through the 
membrane and are attracted to each side of MXene layers, 
forming an electric double layer on the surface and caus-
ing expansion of  Ti3C2Tx interlayer spacing. The actuation 
mechanism explains the cations permeation and high flux of 
 Na+ due to increasing the interlayer spacing. On the other 
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hand, the low flux of  Mg2+ and  Al3+ is attributed to the 
shrinkage interlayer spacing.

The water flux through the pristine MXene  (Ti3C2Tx) was 
significantly enhanced from ~ 118 to ~ 420 L  (m2 h bar)−1 

by modifying MXene with Ag nanoparticles (Ag@MXene) 
[51]. The enhanced water flux after modification is due to 
a decrease in contact angle and creation of a slit interspac-
ing of 1–4 nm between the MXene nanosheets providing 

Table 1  Ion sieving performance evaluation of different MXene membranes

Membrane Rejection (%) Permeability 
(L/m2 h bar)

Remarks References

MXene-derived membranes supported on 
α-Al2O3

Na2SO4: 75.9
MgSO4: 67.3
NaCl: 55.3
MgCl2: 46.1

22.4 L The interlayer spacing between nanosheets 
of MXene-derived membranes can be 
adjusted by regulating the sintering 
temperature

The interlayer spacing decreased with an 
increase in temperature

At temperature > 400 °C, the oxidation of 
 Ti3C2Tx nanosheets into  TiO2 NPs occurs 
and the ion retention reduced

[54]

Ti3C2Tx membrane – 38 The flux through MXene membrane 
declined with increasing thickness until 
reaching a steady-state value at higher 
thickness

The permeation was found dependent on 
both the cations’ size and charge

Better selectivity is shown toward charged 
metal cations and dye cations of different 
sizes than GO

[36]

Ag@MXene composite membrane MG: 92.32
RhB: 79.93
BSA: 100
NaCl: 25.8
MgCl2: 41.3
AlCl3: 49.5

420 Ag@MXene membrane demonstrated 
higher water flux than pristine MXene 
membranes

Ag@MXene composite membrane also 
revealed enhanced bactericidal character-
istics and moderate salt rejection

[51]

MXene membrane supported on anodic 
aluminum oxide (AAO) substrate 

BSA: 100
RB, Rhodamine B: 85
EB, Evans Blue: 90
Cytochrome C: 97

1084 Membrane exhibited high water flux 
(> 1000 L/m2 h bar) and promising rejec-
tion rate (> 90  %) for molecules with 
sizes larger than 2.5 nm

The improved water permeation can be 
attributed to the additional nanochannels 
formed in the MXene membrane after 
deposition on AAO support

[53]

Self-cross-linked MXene  (Ti3C2Tx) mem-
branes

NaCl: 98.6 0.0515 Self-cross-linked MXene membrane exhib-
ited excellent stability and anti-swelling 
property

Membrane demonstrated improved perfor-
mance of the ion exclusion compared to 
pristine MXene

[57]

Ti3C2Tx MB: 98.0 ± 0.9 10.6 Positive and negative voltages decreased 
and increased rejection through MXene 
membranes, respectively

Exclusion of ions from the  Ti3C2Tx mem-
branes by the application of electrical 
voltage provides a facile method to regen-
erate the MXene membranes

[59]
Ti3C2Tx/poly(vinyl alcohol (PVA) MB: 97.2 ± 0.8 7.4

MXene slit membranes (MD simulation) Monovalent salt ions: 100 400 The material’s inherent interaction param-
eters, hydrophobicity, and shape of the 
slits were found to affect the desalination 
performance

[55]
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excess nanopores in the Ag@MXene membranes. The Ag@
MXene composite membrane also revealed enhanced bac-
tericidal characteristics compared to pristine MXene and 
polyvinylidene difluoride (PVDF)-based membranes, by 
exhibiting 99% E. coli growth inhibition as shown in Fig. 4. 
The Ag@MXene composite membrane showed moderate 
rejection of salts that might be due to their open structure 
after modification.

The surface charges of the membrane also affect the ion 
sieving performance, as confirmed by density functional 
theory calculations [52]. Ions of different charge states 
behave differently due to the difference in energy barriers 
for the intercalation, and spacing between the MXene can 
be expanded or contracted that affects the ion sieving rate. 
The energy barrier width increased, while the interlayer 
space decreased, with increasing the charge of the cations, 
as shown in Fig. 5 [52]. These findings suggest that ion siev-
ing performance of MXene membranes can be enhanced by 
modifying the surface charges.

Ding et al. [53] prepared MXene nanosheets by etching the 
 Ti3AlC2 particles by HF solution to generate  Ti3C2Tx pow-
der followed by sonication‐assisted exfoliation, as shown in 
Fig. 6. The MXene nanosheets were intercalated by using 
Fe(OH)3 colloidal solution that created the expanded nano-
channels. The MXene membrane was obtained by a vacuum 

filtration process followed by a hydrochloric acid solution 
(HCl) treatment to eradicate the Fe(OH)3 nanoparticles.

The highest water flux (> 1000  L  (m2  h  bar)−1 was 
reported by Ding et al. for the MXene membrane supported 
on anodic aluminum oxide (AAO) substrate [53]. The mem-
brane also demonstrated a promising rejection rate (> 90%) 
for molecules with sizes larger than 2.5 nm. The enhanced 
water flux can be ascribed to the surplus nanochannels 
formed in the MXene membrane after deposition on AAO 
support.

Membrane permeation performance can be enhanced 
further by tuning of membrane properties. The interlayer 
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spacing between stacked neighboring nanosheets of ultrathin 
MXene-derived membranes supported on α-Al2O3 was 
adjusted by regulating the sintering temperature [54]. 
MXene membranes were synthesized by depositing the 
MXene dispersion on the inner surface of the porous ceramic 
substrate. The prepared membranes were dried and calci-
nated at different temperatures ranging from 200 to 500 °C 
in air. The interlayer spacing decreased with an increase in 
temperature probably due to de-functionalization (–OH) 
occurred within the MXene film at high temperature and 
moisture loss. At temperature > 400  °C, the oxidation 
of  Ti3C2Tx nanosheets into  TiO2 NPs occurs and the ion 

retention reduced due to change in filtration mode from 
interlayer transport pathways to longitudinal nanochannels. 
The higher retention was obtained for membrane sintered at 
400 °C, while the salt rejection of various ions followed the 
order:  Na2SO4 > MgSO4 > NaCl > MgCl2, whereas the water 

100

80

60

40

20

0

C
el

l v
ia

bi
lit

y 
(%

)

PVDF

(b)

(a) (c)

Ti3C2Tx 21%Ag@MXene

PVDF Ti3C2Tx

Ti3C2TxBacteriaAgNPBSAMGRhBH2O

21%Ag@MXene

Fig. 4  Antibacterial activity of PVDF (control), MXene  (Ti3C2Tx), and 21% Ag@MXene membranes: a photographs of E. coli cell growth 
incubated at 35 °C for 24 h. b Cell viability measurements of E. coli. c Schematic structure and mechanism of rejection of the 21% Ag@MXene 
composite membrane. Reprinted with permission from Ref. [51]. Copyright © (2019) Royal Society of Chemistry

Na+

Mg2+

Al3+

0.3

0.2

0.1

0.0

En
er

gy
 (e

V)

0.0M=Na+, Mg2+, Al3+ 0.5

(b)(a)

M

1.0 1.5 2.0
Reaction path (Å)

2.5 3.0

Fig. 5  a Considered ion migration pathway and b corresponding 
energy profiles of  Na+‏,  Mg2+‏, and  Al3+. Reprinted with permission 
from Ref. [52]. Copyright © (2019) AIP Publishing LLC

Anodic aluminum
oxide (AAO)

MXene Membrane

HCl treatmentH2O

Mixe
d a

nd
 fil

tra
tio

n

Fe(OH)3
colloid

Sonication
_

MXene

HF etching

Ti

Al

C

Ti3C2Tx
Ti3AlC2
(MAX)

+

Fig. 6  Schematic of MXene membrane preparation via HF etching 
and intercalation by using Fe(OH)3 colloidal solution. Reprinted with 
permission from Ref. [53]. Copyright © 2017 John Wiley & Sons, 
Inc



Nano-Micro Lett.           (2020) 12:72  Page 7 of 20    72 

1 3

and salt permeation were greater for membrane calcinated at 
200 °C, as depicted in Fig. 7.

The rejection and permeation performance of MXene 
slit  membranes were predicted by molecular dynamics 
(MD) simulation [55]. The material’s inherent interaction 
parameters, hydrophobicity, and shape of the slits were 
found to affect the desalination performance. Mixed matrix 
membrane comprising MXene and P84 copolyimide demon-
strated high flux (268 L  (m2 h)−1) at 0.1 MPa and excellent 
solvent resistance that suggests their potential applications 
as nanofiltration membranes [56]. The incorporation of the 
inorganic additive has a positive impact on water perme-
ability and solvent resistance.

Lu et al. [57] synthesized the self-cross-linked MXene 
membrane through a facile thermal treatment. Self-cross-
linking reaction (−OH+ −OH = − O− + H2O) resulted 
in the formation of Ti–O–Ti bonds between the MXene 
nanosheets, as depicted in Fig. 8. The resulting membrane 
exhibited excellent stability and anti-swelling property in 
addition to the improved performance of the ion exclusion 
(98.6% of NaCl) compared to pristine MXene. The stability 

of the self-cross-linked MXene membrane compared to pol-
ymeric membranes, under acid/base conditions, advocates 
their promising potential in desalination.

Solvent-resistant polymer–Ti3C2Tx nanofiltration mem-
branes exhibited excellent permeation performance for 
alcohol molecules by providing additional pathways along 
nanosheet surface using –OH as an adsorption site [58]. The 
membrane also demonstrated good solvent resistance and 
rejection abilities, in addition to improved mechanical and 
thermal stability. This endorses the probable applications of 
MXene and polymer composite membranes in desalination.

Ren et al. [59] reported the voltage-gated ions sieving 
through the nanochanneled  Ti3C2Tx membrane. The rejec-
tion of  MgSO4 and NaCl enhanced by applying a negative 
electrical potential (−0.6 V) to the  Ti3C2Tx membrane and 
inhibited after applying a positive potential due to electro-
static repulsion between the cations and charged MXene 
layers. The voltage-gated rejection through electronically 
conductive membranes represents a promising breakthrough 
approach to improve the elimination of various ions. Fig-
ure 9 illustrates orderly stacked 2D nanochannels across the 
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structure of a  Ti3C2Tx membrane and channel (interlayer 
spacing) between two MXene sheets.

2.2  Capacitive Deionization (CDI)

CDI is an energy-efficient electrochemical process in 
which anions and cations are separated based on their 
charge and deposited on positively charged anode and 
negatively charged cathode, respectively. The selection of 
electrode materials is critical in the CDI process, and an 

ideal electrode must have a high surface area, good electri-
cal conductivity, and high stability. Owing to their supe-
rior pseudocapacitive properties, MXenes have emerged as 
novel electrode materials for CDI applications [60–67]. The 
MXene-based CDI electrode proved a marvelous adsorption 
capacity for both cations and anions simultaneously due to 
their high electrical conductivity, hydrophilicity, and tunable 
surface [39, 62, 68]. Table 2 summarizes the desalination 
performance of MXene electrodes in CDI.

Srimuk et  al. [39] introduced the MXene-based CDI 
electrode for the first time by casting  Ti3C2 onto the porous 
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Fig. 8  Self-cross-linking process of the MXene membranes. Reprinted with permission from Ref. [57]. Copyright © (2019) Royal Society of 
Chemistry

Permeate

1 cm

1.48 µm

Feed

Interlayer spacing 0.6 nm

Debye length
0.4 nm

Ti3C2Tx
Ti3C2Tx

thickness
c-LP

(b)(a)

Shrink

+
+

+

+
+

+

−

−

Interlayer
spacing

H2O Ion Ti C OH

Fig. 9  a Cross-sectional SEM image of a  Ti3C2Tx membrane with a schematic showing the interaction between  Ti3C2Tx layers and ions within 
their EDLs when the  Ti3C2Tx membrane is connected to a negative voltage. b Molecular model of  Ti3C2Tx showing two layers of water with ions 
between the layers. The c lattice parameter (c-LP) calculated from XRD is two  Ti3C2Tx flake thicknesses and two interlayer spacings. Reprinted 
with permission from Ref. [59]. Copyright © (2018) American Chemical Society
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separator of the CDI cell. MXene CDI electrodes demon-
strated excellent performance in 30 cycles with a salt adsorp-
tion capacity of 13 ± 2 mg g−1 (1.2 V cell voltage in 5 mM 

NaCl saline solution). The adsorption of ions onto the elec-
trode occurs via ion intercalation instead of double-layer 
formation, as schematically depicted in Fig. 10.

Table 2  Desalination performance of MXene electrodes in CDI

Electrode material Surface area
(m2 g−1)

NaCl concentration (mM) Cell voltage (V) Salt removal 
capacity 
(mg g−1)

Remarks References

Ti3C2 MXene 6 5 1.2 13 ± 2 MXene CDI electrodes 
demonstrated excel-
lent performance in 30 
cycles

The adsorption of ions 
onto the electrode 
occurs via ion intercala-
tion instead of double-
layer formation

[39]

Porous  Ti3C2Tx MXene  293  10,000 mg  L−1 1.2 45  MXene electrode demon-
strated 12 times higher 
ion adsorption capacity 
than other carbon-based 
electrodes and excellent 
cycling stability (up to 
60 cycles)

[62]

Mo1.33C-MXene 1 5/50/600 0.8 5/9/15 Incorporation of carbon 
nanotubes enhanced 
the desalination per-
formance of MXene 
electrode

Low energy requirement 
compared to traditional 
carbon electrode

[68]

Ar plasma-modified 
 Ti3C2Tx

– 500 mg  L−1 1.4 26.8 Ar plasma modification 
of MXene nanosheets 
resulted in the increased 
interlayer distance 
between the sheets

Electrode showed good 
regeneration ability and 
reproducible results

[60]

Porous nitrogen-doped 
MXene sheets (N–
Ti3C2Tx) 

368.8 5000 mg  L−1 1.2 43.5  ±  1.7 Nitrogen doping sig-
nificantly enhances the 
surface area and desali-
nation performance of 
MXene

[64]

LiF/HCL-etched 
 Ti3C2Tx MXene

2.1 585 1.2 67.7 The LiF/HCl etching 
resulted in the increased 
interlayer spacing of 
 Ti3C2Tx and enhanced 
desalination capacity

[65]

Preconditioned  Ti3C2Tx 
MXene

– 10 − 1.2 (discharge 
potential (V)

9.19 Operating conditions 
such as flow rate, half-
cycle length (HCL), 
and discharge potential 
affect the desalina-
tion performance of 
electrode

[67]
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Desalination performance of the MXene electrode 
was further enhanced by entangling MXene with car-
bon nanotubes to form a binder-free CDI electrode [68]. 
The resultant  Mo1.33C-MXene electrode presented a 
charge efficiency of ~ 97% and desalination capacity of 
15 mg g−1 in 600 mM NaCl. The prepared electrode has 
the advantage of low energy requirement compared to 
traditional carbon electrodes. The excellent desalina-
tion performance of the electrode in the absence of ion-
exchange membranes provides a strong base for its appli-
cations in future desalination technology. Incorporation 
of polymer binders and carbon nanotubes into MXenes 
results in composite with enhanced electrical conductiv-
ity, mechanical strength, and tremendous flexibility that 
can be exploited for desalination applications [69, 70]. 
The addition of polymer or nanomaterials also influences 
the interlayer spacing [70].

Levi et al. [66] demonstrated that two types of cati-
onic adsorption sites (shallow and deep) are present in 
the interlayer gaps of the  Ti3C2Tx layers. The swelling of 
the multilayered  Ti3C2Tx occurs spontaneously when in 
contact with the solution at open-circuit potential, and 
adsorbed cations are electrochemically inserted between 
partially swollen  Ti3C2Tx layers. The deep adsorption 
exists in the particle’s interior, while the shallow adsorp-
tion sites are present near the edges of the multilayer par-
ticles that are water-rich, as depicted in Fig. 11a. Ion accu-
mulation on the deep adsorption is possible by increasing 
the cathodic current to − 0.6 V at slow scan rates after 
a large number of cycles, and/or by slowly charging and 
discharging (Fig. 11b). Electroadsorption performance of 
porous  Ti3C2Tx electrode in NaCl solution is presented in 
Fig. 11c, d, while Fig. 11e shows schematics of the CDI 
process.

Porous  Ti3C2Tx architectures for CDI applications are 
prepared by chloroform exfoliation of  Ti3C2Tx followed 
by freezing the resultant suspension in liquid nitrogen and 
vacuum-drying the frozen  Ti3C2Tx cubes [62]. The process 
is illustrated schematically in Fig. 12.

Aerogel-like porous MXene electrode material unveiled 
excellent capacitive deionization performance with 12 times 
higher ion adsorption capacity than other carbon-based elec-
trodes [62].

The porous MXene electrode exhibited excellent cycling 
stability (up to 60 cycles) with the reported ion adsorption 
capacity of 45 mg g−1 in a 10,000 mg  L−1 salt solution. The 
ion intercalation into the interlayer space of the MXene also 
contributes to salt adsorption in addition to capacitive stor-
age. The superior performance of the electrode was attrib-
uted to the high electrical conductivity, high surface area, 
well-defined porous structure, and hydrophilic nature of the 
 Ti3C2Tx.

The porous  Ti3C2Tx  CDI electrode showed excellent 
cyclic stability up to 60 cycles (Fig. 11c), and the highest 
electroadsorption capacitance reaches within ~ 450 s. The 
electrode demonstrated good reversibility and was easily 
regenerated when the applied voltage dropped back to 0 V. 
The electroadsorption capacities increased with an increase 
in voltage from 0.8 to 1.2 V, as shown in Fig. 11d.

Doping of MXene sheets with nitrogen yields a porous 
electrode (N–Ti3C2Tx) with high surface and promising 
desalination performance [64]. Nitrogen doping signifi-
cantly enhances the surface area of MXene to 368.8 m2 g−1 
that is the highest value reported in the literature for any 
MXene-based electrode. N–Ti3C2Tx demonstrated an aver-
age salt adsorption capacity of 43.5  ±  1.7 mg  g−1 under 
1.2 V in 5000 mg  L−1 NaCl solution. The electrode shows 
good stability over 24 CDI cycles. The etching process also 
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influences the desalination characteristics of MXene elec-
trode. Ma et al. [65] employed the LiF/HCL etching method 
to prepare a freestanding  Ti3C2Tx MXene electrode without 
any binder and evaluated its desalination performance. The 
LiF/HCl etching resulted in the increased interlayer spacing 
of  Ti3C2Tx and enhanced desalination capacity. The elec-
trode exhibited a desalination capacity of 68 mg g−1 at 1.2 V 
for NaCl concentration of 585 mg L−1.

Ar plasma modification of MXene nanosheets resulted 
in the increased interlayer distance between the sheets and 
hence improved desalination performance [60]. The surface 
of  Ti3C2Tx was modified to introduce amorphous carbon and 
anatase  TiO2 layer using Ar plasma treatment. The desali-
nation performance of the electrode was evaluated using 
500 mg L−1 NaCl solution in the voltage range of 0.8–1.6 V, 
as shown in Fig. 11e. The maximum removal capacity of 
26.8 mg g−1 was obtained at 1.2 V. The  Ti3C2-based elec-
trode showed good regeneration ability and reproducible 
results for several cycles of electrosorption and desorption.

Desalination performance of MXene electrode is influ-
enced by the operating conditions such as flow rate, half-
cycle length (HCL), and discharge potential [67]. Agartan 
et  al. [67] reported that salt adsorption rate and capac-
ity increased by 152% at lower discharge potentials and 
decreased at faster flow rates. Likewise, half-cycle length 
decreased salt adsorption rate by 54% and capacity by 32%. 
Preconditioned MXene electrodes exhibited better volumet-
ric performance than activated carbon cloth electrodes owing 
to their hydrophilicity and high electrochemical activity.

2.3  Solar Desalination

MXenes have superb light-to-heat conversion efficiency that 
makes them an ideal applicant for application in solar-based 
desalination [71]. The photothermal water evaporation capa-
bility of MXenes is yet another energy-efficient characteristic 

Ti3C2Tx
MXene suspension

Ti3AlC2 MAX phaseHF
321

rezilihpoylgnizeerf tnatsnI

Frozen Ti3C2Tx cubes Porous Ti3C2Tx
architecture

35 °C −85 °C

Vacuum

Chloroform
exfoliation

liquid nitrogen Condensation

Fig. 12  Synthetic procedure for the porous  Ti3C2Tx architecture. Reprinted with permission from Ref. [62] Copyright © (2018) Elsevier Inc

Table 3  Solar evaporation performance of MXene membranes

Material Efficiency (%) Evapora-
tion rate [kg 
 (m2 h)−1]

Remarks References

Ti3C2 MXene 84 1.373 The MXene,  Ti3C2 demonstrated 100% light-to-heat conversion efficiency [71]
Ti3C2 MXene 71 1.31 The hydrophobic MXene membrane exhibited excellent solar evaporation potential

Not suitable for long-term solar desalination due to poor salt-blocking after an 
elongated period

Extraordinary stability (> 200 h) under actual seawater conditions

[72]

VA-MXA 87 1.46 The hydrophobic upper layer absorbed light and the hydrophilic bottom layer 
pumped water

The high water evaporation rate is attributed to the strong capillary pumping and 
fast water diffusion through the vertically aligned channels of the VA-MXA

[74]
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of these fascinating 2D materials. Table 3 enlists the solar 
evaporation performance of MXene membranes.

Zhao et al. [72] reported the synthesis and solar desalina-
tion potential of the hydrophobic MXene membrane. The 
delaminated  Ti3C2 (d-Ti3C2) was obtained by HCl/LiF etch-
ing from the MAX phase, followed by vacuum deoxidation 
and ultrasonication, as shown in Fig. 13. The hydrophobic 
membranes were obtained by surface modification of the 
d-Ti3C2 with trimethoxy(1H,1H,2H,2H-perfluorodecyl)
silane (PFDTMS) [72].

The hydrophobic MXene membrane obtained after 
PFDTMS modification was employed in a solar evapo-
ration device that was self-floated on the seawater. The 
membrane achieved a solar steam conversion efficiency 
of 71%, the solar evaporation rate of 1.31 kg m2 h−1, and 
stability under high salinity conditions over 200 h under 
one sun. The rejection rate for the four primary ions 
 (Ca2+,  Mg2+,  Mg2+, and  Na+) was over 99.5%, while for 
organic dyes and heavy metals, nearly 100% rejection rate 
was attained, as shown in Fig. 14. These membranes are 
not appropriate for long-term solar desalination applica-
tions due to poor salt-blocking after an elongated period.

MXene coating improved the antifouling and photo-
thermal characteristics of the PVDF (polyvinylidene 
difluoride) in a solar-assisted direct contact membrane 
distillation system [73]. MXene-coated membrane dem-
onstrated around 56% reduction in flux decline and a 
12% drop in heater energy input per unit volume of dis-
tillate. However, MXene-coated membranes exhibited 
lesser fluxes due to the presence of an additional coating 
layer.

Zhang et  al. [74] reported the desalination perfor-
mance of vertically aligned Janus MXene aerogel (VA-
MXA) with two layers, i.e., hydrophilic (at the bottom) 
and hydrophobic (at the top). The process of VA-MXA 
synthesis is presented in Fig. 15. MXene obtained from 
the  Ti3AlC2 phase is frozen by liquid nitrogen under Ar 
protection in a polytetrafluoroethylene (PTFE) mold with 
a Ti plate. The freezing process yields a black frozen 
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material consisting of ice crystals surrounded by  Ti3C2 
nanosheets. A vertically aligned framework of the  Ti3C2 
nanosheets is obtained by removing ice crystals via vac-
uum freeze-drying. The freestanding VA-MXA was placed 
in a ring-shaped sponge mold, and the hydrophobic layer 
was formed by floating the sponge on fluorinated alkyl 
silane under vacuum conditions, followed by drying under 
Ar environment.

The hydrophilic bottom layer of VA-MXA pumped water and 
the hydrophobic upper layer absorbed light. The salts crystal-
lized on the hydrophilic bottom layer are quickly dissolved due 
to continuous pumping of water. The VA-MXA demonstrated 
an excellent water evaporation rate of 1.46 kg  (m2 h) −1 and 
conversion efficiency of ~87%. The high water evaporation rate 
is attributed to the strong capillary pumping and fast water dif-
fusion through the vertically aligned channels of the VA-MXA.

2.4  Pervaporation Desalination

Pervaporation desalination is a combination of water dif-
fusion through a membrane followed by its evaporation 
into the vapor phase on the other side of the membrane. 
MXene/PAN composite and freestanding MXene mem-
branes were prepared by vacuum filtration of the MXene 
suspension through the polymeric substrate, as shown in 
Fig. 16 [75]. A specific amount of MXene nanosheets were 
deposited on PAN substrate to prepare MXene/PAN com-
posite (Fig. 16d–i), while freestanding MXene membranes 
were prepared via similar approach by using polycarbon-
ate (PC), followed by exfoliation of MXene from substrates 
after drying for 24 h (Fig. 16a–c). As the amount of MXene 
nanosheets increases, the thickness of the MXene layer 
increases and its color varies from light green to dark green.
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A home-made apparatus  was employed to measure 
the pervaporation desalination performance of the MXene 
membranes. The membranes consist of stacked atomic-thin 
MXene nanosheets (~ 60 nm) supported on commercial PAN 
ultrafiltration membranes exhibiting tremendous potential 
for pervaporation desalination [75]. The membranes rejected 
99.5% salt and exhibited a water flux of 85.4 L  (m2 h) −1 
at 65 °C. The MXene membrane also demonstrated great 
desalination performance for synthetic seawater compared 
to the other membranes reported in the literature. One hurdle 
associated with pervaporation desalination is the intensified 
use of energy. However, with the utilization of renewable 
energy or energy from waste sources, a significant improve-
ment in energy efficiency is expected.

3  Challenges and Future Prospects

Although MXenes have emerged as fabulous materials 
for potential applications in desalination, there are still 
plentiful challenges and baffling disputes that need to be 
addressed to fully exploit their remarkable properties [3, 9, 
13, 17, 18, 76]. MXenes are mainly synthesized through a 
top-down route, and very limited literature is available on 
the synthesis of MXenes using a bottom-up approach [13, 
77]. A significant consideration is desired in this research 
drift to explore the novel bottom-up methods of MXene 
synthesis with more control of product characteristics.

The MXenes family can be further extended by explor-
ing the synthesis of MXenes from other potential MAX 

Fig. 16  Digital images of membranes a freestanding MXene membrane, b, c folded MXene membrane, d–i MXene membrane with different 
deposition amount, i.e., (0, 3.662, 7.325, 18.31, 36.62, 73.25) × 10−6 g cm−2. Reprinted with the permission from Ref. [75]. Copyright © (2017) 
Elsevier B.V
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phases [78]. Furthermore, the same technique for MXene 
synthesis may be applied to produce more 2D materials 
from MAX-like phases such as MAB. Another hurdle for 
researchers to be overcome is the requirement of sub-zero 
temperatures for the storage of MXenes [79]. It is essential 
to develop an effective technique for storing MXene solu-
tion for a long time without oxidizing.

The traditional method for the synthesis of MXenes 
using hazardous HF is associated with serious health and 
environmental concerns. The replacement of HF with 
green or less toxic chemicals can assure an environment-
friendly technique for the synthesis of MXenes. There are 
some attempts in recent times to substitute HF with less 
toxic chemicals [8, 80, 81]. However, more attention is 
required to advance research in this direction. Further-
more, the difficulty in the synthesis of MXenes with uni-
form and pure surface termination is another obstacle in 
their practical applications [82].

Another major challenge is the high cost and low yield 
of MXenes production [17, 18]. Currently, MXenes are 
mainly produced at the laboratory scale with a small yield. 
The design of a cost-effective, efficient, and environment-
friendly system for the large-scale production of MXenes 
will be helpful to further advance research in this field and 
will open a new door of possible applications of MXenes 
on a commercial scale. It is expected that the cost will be 
comparatively low for large-scale production.

One more crucial challenge is the need for life cycle anal-
ysis and assessment of potential toxic effects of MXenes 
and MXene-based nanomaterials [18, 83, 84]. Still, studies 
on the potentially toxic effects of MXenes are limited. With 
the rapid deployment of MXenes in various applications, 
it is necessary to fully investigate its lethal effects on the 
environment, human health, and other organisms. Surface 
modification of MXenes could be effective in improving its 
stability, biocompatibility, and recyclability and reducing 
cytotoxicity. The aggregation of MXenes is also an issue 
that reduces the adsorption capability and surface area of 
these 2D materials. The surface chemistry of MXenes and 
their influence on the removal of pollutants must be further 
explored to fully understand the removal mechanisms.

Until now,  Ti3C2Tx is extensively employed in desalina-
tion and water treatment, and it is essential to develop a 
new MXene structure and discover other environmental 

remediation applications of various MXenes. Moreover, 
several theoretical studies such as DFT predicted superior 
characteristics of MXenes in desalination and environmental 
remediation applications [17, 85–87]. Proper experimenta-
tion and development of an efficient system are required 
to confirm the results of these theoretical studies [88–90]. 
There is no suspicion that commercial MXene-based product 
will be introduced in the market soon and MXenes will dis-
cover their role in the future direction of desalination tech-
nology. Based on the current promising results, it can be 
securely foreseen that MXenes could be the next-generation 
materials for water treatment and desalination.

4  Conclusion

MXenes and MXene-based nanomaterials have offered 
tremendous advantages, and they have emerged as ideal 
entrants for future desalination technology. Despite copious 
hurdles that need to be addressed, based on the promising 
results from the current research, a remarkable development 
in the synthesis techniques and applications of these excep-
tional nanomaterials is anticipated in the near future. For 
MXenes to be a forerunner in desalination, further research 
is vital to overawe the existing hurdles. There is no suspicion 
that MXenes has assured an era of the next-generation 2D 
nanomaterials and will have a bright future in water purifica-
tion and environmental remediation.
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