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PART 1 - Introduction to MXenes 
 

1.1.1 - 2D Materials 
Two-dimensional (2D) materials are characterized by very high aspect ratios 
and nearly atomic layer thickness. In general, these materials are mechanically 
exfoliated or chemically exfoliated from bulk 3D precursors, or deposited by 
nano CVD, having a layered structure where layers are usually bonded together 
by weak van der Waals forces [1]. The reduced dimensionality and quantum 
confinement renders them excellent from the chemical, electronic, mechanical, 
thermal and optical point of view with respect to the bulk 3D counterpart [2]. 
In addition to, their properties can be further adjusted to a desired optimum 
level, opening a wide range of possible application in the field of energy 
storage, electronics, biotechnology and photovoltaics. Among this, graphene 
and TMDs appear to be the two most predominant 2D materials in the field of 
research. 
Since the discovery of graphene in 2004 [3], new class of 2D materials have 
been introduced in literature which include transition metal oxides and 
dichalcogenides (TMDs)[4], hexagonal boron nitrides (h-BN) [5], transition 
metal carbides or nitrides (called MXenes) which are layers composed by a 
transition metal M element and carbon or nitrogen X element, obtained from 
bulk precursor the MAX phase, by etching out the A element, and other single 
element 2D materials such as silicene [6], borophene [7], phosphorene [8], ect. 
Graphene which is an atom thick layer of graphite, has been raising heights in 
the field of research each year with its unique properties of ultrahigh carrier 
mobility (2.5 x 10^5 cm2V-1s-1) [9], superior mechanical strength with a Young 
modulus of 1.0 TPa [10], high surface area (ca. 3000 m2g-1) [11], and very high 
thermal conductivity (ca. 3000 Wm-1K-1) [12]. It is also stable in harsh chemical 
environment and has a great versatility, making it suitable for use in broad 
range applications such as nanoelectronics, photocatalysts, biomaterials, ect. 
[13,14]. It can also be obtained in the form of membranes for gas separation 
and water purification or in the form of a hydrogels and aerogels for energy 
storage, dye absorption, ect [15, 16, 17]. 
MXenes are a novel class of two-dimensional inorganic compounds that consist 
in few atoms layer of transition metal carbides, nitrides or carbonitrides. 
 
1.1.2 - 2D MXenes  
Theoretically described in 2011, MXenes combine metallic behavior, as 
conductivity, of transition metal carbide/nitride with high hydrophilic nature of 
their oxygen or hydroxyl terminated surfaces (-O, -F and -OH). MXenes 
combine other unique characteristics, such as stiffness and high strength. In 
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2011, the exfoliation of 2D transition metal carbides have been studied by 
Naguib et al. at Drexel University [21] via the selective etching of ‘A’ elements 
from the so-called MAX phases, which consist in the 3D bulk precursor of the 
2D MXene. These 2D layered MXenes have the suffix -ene to indicate the 
similarity to the graphene [22]. 
The precursor, MAX phases, are orderly aligned carbides and nitrides of ternary 
metals which are usually represented as Mn+1AXn (MAX), where n differs from 1 
to 3, M is a transition metal such as Zr, Cr, Mo, Ti, etc., A can be a group 13 to 
16 element such as Ge, Si, Al, Ga, etc., and X can be either carbon C, nitrogen N, 
or a mixture of them as reported in Figure 1 [20]. 

 
Figure 1: Mn+1AXn phases MAX forming elements [20]. 

 
 
The layered hexagonal MAX phases comprise of M layers that are almost 
densely packed, and octahedral sites occupied by X atoms while the layers of M 
and X are bonded together by A atoms (see Figure 2) [24].  
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Figure 2: Structure of MAX phases and their derivative MXenes [23]. 

In the MAX phase, the M-X bond displays a mix of ionic/metallic/covalent 
nature while the M-A bond, usually, display a metallic behavior [25]. Thus, 
because of the strong interlayer bonding in the MAX phases, shearing or 
mechanical exfoliation of these bond has not been possible unlike in graphite 
and TMDs where weak van der Waals forces grips the layers together. To 
delaminate these layers, the idea is to work on the relatively higher reactivity 
of M-A bonds, compared to M-X bonds, so its reacts with the etchants and 
selectively removal the A atoms, thus exfoliation process becomes much 
easier. As the metallic M-A bonds are strong, the selective etching is commonly 
made by strong etchants under well-controlled conditions without drastically 
jeopardizing the 2D structure yet formed [119]. 
 MAX phases exhibit an unusual mix of properties that belong to ceramics and 
metals: alike ceramics they have good brittleness, stiffness, strength and 
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thermal stability while they as well conduct heat and electricity like metals 
[26,27]. 
MXenes formed by selectively etching of A layers from the MAX phases, are 
three or more atomic layer thick 2D materials which have different properties 
compared to the 3D counterpart.  
In general, MXenes are represented as Mn+1XnTx where n ranges from 1 to 3 and 
T is the functional groups (-O, -F and/or -OH) resulting from the interaction 
with acids during the etching step. As the n values range from 1 to 3 in the MAX 
phases, the resulting MXenes exists in three possible lattice structures: M2X  , 
M3X2  , M4X3  (3, 5 or 7 atomic layers) as shown in Figure 2 [23]. It is also 
possible to have more than one M element in MXene, this structure can be 
obtained in two forms: ordered phases and solid solutions. In ordered phases 
mono or bi layer of one transition metal is sandwiched between another 
transition metal layer (eg. (Mo2Ti)C2 and (Ti2Ta2)C3), whereas in solid solutions, 
two different transition metal elements are randomly distributed in the M 
layers (eg. (Ti,V)2C and (Ti,Nb)4C3) [29]. 
 
1.1.3 - Structure of MXenes 
The MXene surface, because of the etching with acid during the synthesis, gets 
grafted with oxygen, hydroxyl and fluorine-based functional groups. 
The first structure of multilayer (ML)-MXene (Ti3C2Tx ) was proposed based on 
density functional theory (DFT) calculations [21]. The XRD patterns from these 
simulated models contrast with the experimental XRD pattern reported for 
Ti3C2Tx (figure 3) [21].  

                    
Figure 3: XRD analysis of MAX and MXenes [21]. 
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The pattern confirms the disappearance of sharp peak of Ti3AlC2 MAX phase 
after etching with hydrofluoric (HF) acid. The final structure also loses its 
crystalline order after sonication resulting in weakening of peak intensity. XPS 
analysis confirms the occurrence of OH, F, and O terminating functional groups, 
the c-lattice parameter from the experimental data shows a closest match to a 
fully hydroxylated MXene (Ti3C2(OH)2) [30]. 
MXenes obtained via HF etching can show different morphology depending on 
numbers of layers: multi- layers (ML) for more than five layers or few-layers 
(FL) when there are less than five layers [23]. 
MXenes are typically in hexagonal close-packed (HCP) crystal structure. 
However, it is reported that M atoms in M3X2 and M4X3 favors face centered 
cubic (FCC) crystal structure sequence (ABCABC) while M2X exhibit HCP 
sequence (ABABAB) [28]. This atomic arrangement is of importance when it 
comes to the synthesis of MXenes involving M elements with HCP ordering in 
bulk state, such as carbides of chromium (Cr) or molybdenum (Mo). An 
example comes from DFT simulations in which reveal the major stability of 
hexagonal molybdenum carbides in respect the FCC counterparts [31]. It is also 
found from the formation energies that MXenes such as Mo3C2Tx and Mo4C3Tx 
are unstable as the M atoms follows rock salt arrangement [29], while it is 
stable in the case of Mo2CTx [32,33]. To stabilize them, another transition 
metal, Ti, is inserted into the structure so that it bond with C and prevents the 
unstable Mo-C bonds, therefore forming an ordered double-M element 2D 
carbides such as (Mo2Ti2)C3Tx and (Mo2Ti)C2Tx [29]. 
In 2012, Enyashin et al. [34] analyzed and compared the atomic structure and 
stability of Ti2C(OH)2. Figure 4 shows the atomic structures of free standing Ti2C 
(fig. 4a) and their hydroxylated forms with three different configurations (fig. 
4b-d,f.-h). Configuration A (fig.4 b and f) has OH groups placed in the hollow 
space in different atomic sites respect to C and M. In configuration B (fig. 4c 
and g) the OH terminals are located on top of C atoms on either side of the 
MXene layer, while configuration C (fig. 4d and h) has a mixture of 
configuration A and B such that each half of MXene layer is occupied by A and 
B. Comparing their relative total energies, it was found that configuration A 
have the highest structural stability followed by C and then B for both F and OH 
terminated TiCx [23]. Thus, both functional groups prefers configuration A, this 
maximum stability of A arise probably from the formation of ABCABC ordering 
because of different atomic positions of MX and T. The steric repulsion 
between the T and C atoms underneath is the likely cause of lack of stability in 
B [35]. MXenes terminated by methoxy groups (-OCH3) were also found to be 
stable by means of DFTB (density-functional tight-binding) calculations besides 
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-O, -F, -OH groups, suggesting a high surface/catalytic activity for MXenes 
[23,26]. 
 

 
Figure 4: Atomic ordering of TiC2 (a) and Ti2C3 (b) and their hydroxylated forms Ti2C(OH)2 (b-d) and Ti3C2(OH)2 (f-h), 

with three configurations according to the placement of (OH) groups. (A) and (B) are the top views configuration a and b 
respectively [34]. 

 
1.2 - Synthesis methods of MXenes 
 
1.2.1 - Top-Down approach from MAX phase 
MXenes are typically synthesized by a top-down selective etching process. 
Producing a MXene by etching a MAX phase occurs mainly by using strong 
etching solutions that contain fluoride ion F- such as ammonium bifluoride, and 
hydrofluoric acid, and a mixture of hydrochloric acid and lithium fluoride. A 
schematic of synthesis of MXenes from MAX phases is illustrated in Figure 5 
[35]. In this process, layered MAX phase powders are stirred with aqueous HF 
acid at room temperature for a given time. As a result, the A layers of MAX 
phase gets selectively etched, and the metallic bonds between the MX layers 
gets replaced with weak bonds of surface terminations such as fluoride or 
oxygen or hydroxyl, on the surface of ML-MXene. Then to obtain FL-MXene, 
the solution is further centrifuged and filtered so that the supernatant gets 
isolated from solid followed by washing with deionized water until pH pf the 
mixture maintained in the range of 4 and 6. It is to be noted that a further 
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decrease in the pH of MXene solution, for instance, 1 in the case of Ti3C2Tx, can 
lead to crumpling of MXene flakes [38]. 
 

 
Figure 5: Schematic of MXene synthesis [22]. 

 
For the case of Ti3C2TX and Ti2CTX etching with concentrated HF acid and LiF as a 
fluoride source, morphology is more compact with a larger inter-layer spacing. 
The material has been found to be clay-like: Ti3C2TX demonstrated the ability to 
expand its interlayer distance hydration and can reversibly exchange charge-
balancing Group 1 and Group 2 cations. When hydrated, the MXene clay 
becomes pliable and can be molded into desired shapes becoming hard solid 
upon drying. MXene clay shows high electrical conductivity upon drying unlike 
most clays, and is hydrophilic, being easily dispersed into single layer two-
dimensional sheets in water without surfactants. Due to this property, it can be 
quickly rolled into freestanding, additive-free electrodes for energy storage. 
 
1.2.2 - MXene from non-MAX phase 
MXene synthesis from non-MAX phase precursors were also reported with 
Mo2Ga2C being the first of this kind, where Ga layers are etched to produce 
Mo2CTx MXenes [32,33]. It differs from MAX phase because there are two A 
layers of Ga in Mo2Ga2C with respect to one found in MAX phase. The Zr3C2Tx 
MXene derives from Zr3Al3C5 [39] is another example where aluminum carbide 
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(Al3C3) layer was etched rather than just aluminum (Al) layer in the typical 
method 
 
1.2.3 - Nitrides MXenes and high temperature etching 
MXenes have also been synthesized from MAX phase by etching at high 
temperatures. Nitrides MXenes are produced by a different procedure than 
those used for carbide MXenes: the MAX phase is mixed with eutectic fluoride 
salt mixture and treated at elevated temperatures. The first nitride-based 
MXene was experimentally synthesized by this method in 2016, wherein 
molten fluoride salt mixture (59%KF, 29%LiF, 12% NaF) was employed in an 
inert atmosphere of argon gas at 550°C to etch the Al layer part from Ti4AlN3 
powder which was further delaminated by tetrabutylammonium hydroxide 
(TBAOH) to produce monolayers of Ti4N3Tx MXene as shows in Figure 6 [40]. 
 

 
Figure 6: Schematic synthesis of first nitride MXene by molten salt approach [24]. 

 
There are also some reports involving elimination of Si layers from Ti3SiC2 at 
temperature of 960°C by using molten cryolite [42] and sublimation of In layers 
from Ti2InC at 800°C to form TiCx in vacuum [41]. However, ordered non-
stoichiometric transition metal carbides were found to be stable only below 
800°C which is in accordance with their phase diagram [43], thus, the resulting 
carbides were found to be 3D structure rather than 2D because of certain 
treatment conditions like gas and temperature. Therefore, all the treatment 
and synthesis procedures of MXenes must be performed below such 
temperatures otherwise the resulted structure can be composed by a mixture 
of 2D and 3D features. [118] 
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1.2.4 - Scalable salt-templated method 
Different approaches were established to synthesized 2D metal nitride, ie. GaN, 
through migration-enhanced encapsulation growth method [44].  
In 2017, Xu Xiao et al. [45] synthesized MoN nanosheet and other 2D nitrides 
by means of scalable salt-templated synthesis method by virtue of lattice 
match between the salt-template surface and crystals [46], that serves as 
precursors for synthesis of 2D metal nitrides via ammoniation, demonstrating 
that this method is an efficient way to fabricate 2D transition-metal oxides. In 
their work they first obtained 2D hexagonal MoO3

- coated NaCl (2D h-
MoO3@NaCl) by annealing the Mo precursor in NaCl powders in Ar atmosphere 
at 280°C. Then 2D h-MoO3@NaCl powders were slowly ammoniated in a NH3 
atmosphere at 650°C. Here, the presence of salts may act as stabilizer to avoid 
the morphology change during transformation from h-MoO3 to MoN [47]. 
Finally, 2D h-MoN@NaCl were washed in deionized water with further 
filtration to remove the salts, resulting in MoN nanosheets (Figure 7a). 
Other 2D nitrides such as V2N and W2N were fabricated utilizing last procedure 
where 2D hexagonal oxides were ammoniated to form 2D nitrides. 
One of the features of this salt-templated method is a large yield because the 
synthesis can be easily scaled up by adjusting the amount of salt, and the salt 
could be recycled for further usage. In addition, negatively charged 2D MoN 
nanosheets would be beneficial for cation intercalation [47]. The X-ray 
diffraction (XRD) pattern shown in Figure 7b reveals the crystal structure of 
hexagonal MoN, and in Figure 7c a detailed analysis is depicted to show the 
presence of Mo-N bond centered at around 393,7 eV that confirms the 
formation of MoN. Here, another peak assigned to Mo-O bonding, which 
should be attributed to a surface termination similar to the case of MXene [48]. 
The morphology of 2D MoN nanosheets was verified by scanning electron 
microscopy (SEM) and transmission electron microscopy (TEM). In Figure 7d 
the 2D nanosheets were observed in SEM. The lateral size of some flakes 
exceed 20	𝜇𝑚, owing the templating effect of the salt crystals which were 
larger than 50	𝜇𝑚. [45] 
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Figure 7: Synthesis process and characterization. (a) Schematic synthesis of 2D MoN. (b) XRD pattern of 2D MoN powder. 
The insets show the Tyndall effect of the 2D MoN colloidal solution in water, demonstrating the good dispersity in water. 

(c) N 1s and Mo 3p XPS spectrrum of 2D MoN. (d) SEM image shows the 2D morphology of MoN, scale bar 500nm [45]. 

1.2.5 - Nitrides via Ammoniation 
Same year, Urbankowski et al. reported on the synthesis of 2D V2N and Mo2N 
from their respective 2D carbide MXenes V2CTx and Mo2CTx via ammoniation at 
600°C so that the C atoms get replaced by N atoms [49]. Although the 2D 
nitrides were obtained through ammoniation in both cases, the resulting 
crystal structure varied from each other: in the latter method, Mo2N sustained 
the carbon MXene structure and the V2CTx Mxene changed into a mixed phase 
of cubic VN and trigonal V2N [49]. 
 
1.2.6 - CVD synthesis approach 
The 2D MXenes obtained with these methods have some defects with surface 
terminated functional groups and can have lateral size of maximum ~10 𝜇𝑚. 
However, in 2015, Chuan Xu et. al. [50] produced high quality and defect-free 
ultrathin molybdenum carbide crystals by chemical vapor deposition (CVD) 
process with lateral sizes up to and higher than 100 𝜇𝑚 that also exhibit low-
temperature 2D superconductivity. This method is analogous to the CVD 
growth of high-quality graphene. The procedure followed involved a copper 
(Cu) foil substrate placed on the top of molybdenum (Mo) foil with methane 
gas as a source of carbon at temperature above the melting point of copper 
which is 1085°C. As a result, Cu dissolve into Mo foil and form Cu-Mo alloy at 
their interface. The Mo atoms then diffuse through the interface to 
subsequently react with carbon accomplished by methane gas disintegration 
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allowing to grow ultrathin 𝛼-Mo2C crystals (Figure 8a). MXene products 
contrast in a similar way as graphene; as how pristine graphene varies from 
artificially functionalized and imperfect reduced graphene oxide [51-54]. The 
minimum thickness of 𝛼-Mo2C crystals achieved by Chuan Xu et al. was 3nm as 
shown in fig. 8b (bottom), while the monolayer MXenes (top) are yet to be 
demonstrated. Figs. 8c and 8d show the optical micrograph and high-resolution 
transmission electron microscopy (HR-TEM) of tungsten carbide crystal 
indicating the versatility of this method to produce other 2D composition.  
These recent synthesis method by CVD and salt-templated synthesis lay a new 
foundation to produce not only novel 2D carbides but also nitrides and 
carbonitrides in the near future [118]. 

 
Figure 8: 2D TMC crystals grown by CVD process. (a) Schematic fabrication of Mo2C crystal at 1085°C with Cu foil as 
substrate and methane gas as carbon source. (b) Monolayer Mo2 C (top) and experimental 𝜶-Mo2C crystal of 3nm 

thickness (bottom). (c) optical image (10𝝁𝒎 scale) and (d) HR-TEM (2nm scale) of WC crystal grown by this method [51]. 

 
 
1.3 - Intercalation and delamination of MXene 
Intercalation refers to the inclusion of ions or molecules in between the layered 
structures of materials having weak bonds such as graphite and TMDs like 
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MoS2 [55,56]. Because of the weak bonding between MX layers, MXenes can 
accommodate various ionic, organic and inorganic species intercalating 
between the layers thereby weakening their bond and increasing the interlayer 
spacing [30,57]. MXene layers can accommodate an array of multivalent cation, 
ie. Na+, Li+, K+, Mg2+, NH4

+ and Al3+, which suggests usage in metal-ion batteries 
[58] and supercapacitors having capacitance values over 300 F cm-3, which is 
superior tan all carbon-based [15,59] electric double-layer capacitors (EDLC) 
and comparable with activated graphene (350 F cm-3) [54]. Fig. 8 shows the 
intercalation of cations in most widely studied Ti3C2TX MXene [54]. Polar 
organic molecules, for example TBAOH, urea, hydrazine, isopropanol and 
dimethyl sulfoxide of ranging sizes, can also be intercalated to increase 
interlayer spacing of MXene. In case of Ti3C2TX, the lattice parameter raised 
from 19,5Å to 25Å when intercalated with hydrazine [30]. Intercalation with 
such molecules is also essential in producing ‘MXene paper’, which involves the 
steps of sonication in water and filtering of supernatant colloidal solution [30]. 
 
1.3.1 – MXene Clay 
In 2014, Ghidu et al. [60] synthesized MXene clay by using a solution of LiF and 
HCl instead of using the highly corrosive and harmful HF acid for etching. The 
HF is produced in situ by reaction of metal fluoride with the hydrogen-based 
acid, this process aids the selective etching of the A elements. This process is 
advantageous for two reason with respect the common one: involves the use 
of metal halide instead of the strong HF, and the Li+ ions gets intercalated into 
the MXene along with water increasing the interlayer spacing, c~28Å, and thus 
eliminating the extra step of delamination. In this work, the Ti3AlC2 MAX 
powders were introduce to the solution mixture of LiF and HCl so that the Al 
layers gets etched away to produce Ti3C2Tx. The resulting powder becomes a 
thick paste, after hydration, that is so pliable that it can be rolled into a film of 
suitable thickness or molded into preferred shape or diluted to produce 
conductive ink and painted on a surface to produce thin conductive coatings 
(fig. 9)[60]. 
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Figure 9: Intercalation of cations in Ti3C2Tx MXene [57]. 

The material behaves like a clay indicating that it can swell and shrink down in 
volumes reversibly when hydrated and dried but at the same time is highly 
conductive (1500 S cm-1). Moreover, the volumetric capacitance exploited by 
MXene clay in 1M H2SO4 solution is about 900 F cm-3 at 2mV/s (fig. 10a), which 
is almost two times the capacitance value of 450 F/cm3 reached by MXene 
paper in 1M KOH electrolyte (Fig. 10b) etched from pure HF, with no assessable 
capacitance losses even after 10.000 cycles providing an almost 100% retention 
(fig. 10c)[60] 
It has been proposed that such high capacitance value are partly attributed by 
the use of acidic electrolyte where intercalation of the smallest cations, ie. 
protons, take place, resulting in enhanced accessibility of the electrochemical 
active sites. In that report, the highest gravimetric capacitance achieved was 
245 F/g.  

 
Figure 10: Electrochemical behavior of MXene clay. (a) Cyclic Voltammetry (CV) profile of 5𝝁𝒎 thick electrode in 1M 
H2S=4 at various scan rates. (b) rate performance of Ti3C2Tx ‘clay’ vs Ti3C2Tx ‘paper’. (c) capacitive retention test of 

Ti3C2Tx electrode with galvanostatic cycling data in the inset [60]. 

Despite that, Li et al. in 2017, showed more than doubled values of ≈517 F/g 
by intercalating Ti3CTx with K+ ion and calcinating to remove the -F and -OH 
functional groups so that the number of active sites, the Ti atoms, is increased 
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thereby increasing redox reaction in MXene [61]. This tremendous increase in 
capacitance values together with high intercalation pseudocapacitance opens a 
pathway to its potential applicability in supercapacitors where high power and 
energy densities are required. [118]  
 
1.4 – Properties of MXenes 
 
1.4.1 – Electronic properties 
With a high electron density at the Fermi level, MXene monolayers are 
predicted to be metallic. Due to removing the A element from the MAX phase, 
MXenes electron density at Fermi level, N(E), is 2.5-4.5 times higher than 
respective MAX phases. However, experimentally, the predicted higher N(E) 
has not been shown to lead to higher resistivities than the corresponding MAX 
phases. 
DFT calculations illustrated that the bandgap of MXene can be modified by 
altering surface termination as shown in the dispersion diagram in fig.11 [21].  

                                   
Figure 11: Electronic structure of Ti3C2 MXene with OH, F and no termination [21] 

Non-terminated MXenes, Ti3C2, behave as a metallic conductor in nature, 
whereas the OH and F terminated ones are semiconductors with bandgap 
values of 0.05 eV and 0.1 eV respectively [21]: these materials can be employed 
in applications ranging from field-effect transistors to semiconductors 
depending on altering their bandgap [59,60]. Another way to change the 
bandgap of MXene is to alter the composition of M layers. Anasori et al. [64] 
demonstrated and replaced the top 2 layers of Ti in Ti3C2(OH)2 which is metallic 
with Mo layers in a way that a 2D double-layer TMC of Mo2TiC2(OH)2 is 
produced in which Mo atoms imparts semiconducting property to the MXene 
with fine bandgap of 0.05 eV. Fig 12 a-d show the atomic ordering and density 
of states of Ti3C2(OH)2 and Mo2TiC2(OH)2 illustrating this transition which is 
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confirmed by the positive and negative magnetoresistance values of both 
MXenes at 10 K (fig 12e) [28,64].  

 
Figure 12: Change in electronic properties by altering the external M layer of MXene. Schematic illustration of structure 
and DOS calculations of hydroxyl affected Ti3C2 (a,b) and Mo2TiC2. (c,d) DFT analysis of Ti3C2(OH)2 and Mo2TiC2(OH)2. 

(e) Magnetic field-dependent magnetoresistance of Ti3C2 and Mo2TiC2 at 10K [28]. 

1.4.2 – Mechanical properties 
MXenes offer impressively metallic conductivity and hydrophilicity along with 
unique mechanical properties. The electron mobilities of some MXenes have 
already reached as high as 106 cm2V-1s-1 which are analogous to or even higher 
than that of graphene (~2,5x106 cm2V-1s-1) [65]. Ti3C2Tx films has shown 
metallic conductivity values around 6500 S cm-1, surpassing other 2D 
counterparts such as graphene and CNT [66,67]. Their competing 2D materials 
like graphene oxide [54,55], clays, or layered double hydroxides are hydrophilic 
but insulating [66]. In addition to their high strength, hardness and wear 
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resistance, they have also high bending rigidity (D~49,55 eV) [69] in contrast to 
graphene (D~2.3 eV) [70,71] and MoS2 (D~9,61 eV) [69]. In particular, 
molecular dynamics (MD) illustrated that M2X MXenes exhibit better properties 
in terms of stiffness and strength compared with M3X2 and M4X3 structures as 
shown in stress vs. strain plot in fig. 13a [73]. A novel work [74] calculated the 
Young’s modulus of 0.33±0.03 TPa for single layer (SL) Ti3C2Tx, recorded to be 
the highest value among all other solution-processed 2D counterparts including 
GO (~0.21 TPa) [75] and MoS2 (~0.27 TPa) [76], but this value is only one-third 
of the Young’s modulus of pristine graphene (~1 TPa) [11]. 
Figs. 13b and 13c shows the mechanical flexibility of Ti3C2Tx film made as a 
paper aircraft and wrapped on a glass rod. It is reported that a 5𝜇𝑚 thick and 
10 mm wide cylinder made of Ti3C2Tx can withstand 4000 times its own weight 
but as show in fig. 13d this value still increases to 15.000 times when 10 wt% 
PVA is compounded to it [66]. Ultrathin MXene films and their composites are 
transparent (fig. 13e) [77]. For instance, Ti3C2 has a visible light transmittance 
of 97% with increase of 1nm thickness [67]. Fig. 13f show the behavior 
between increasing thickness and overall transmittance. In 2017, monolayers 
of Ti3C2Tx MXene have been rendered visible in optical microscope [78] similar 
to the graphene monolayers [79]. 
 
1.4.3 – Chemical properties 
The increase in thickness as well has an adverse impact on the electrochemical 
performance of MXenes: it may create a barrier which makes difficult for ions 
to transport resulting in reduced capacitance values.  

 
Figure 13: Optical and mechanical properties of Ti3C2Tx MXene. (a) Stress vs Strain curves attained by tensile load testing 

of Ti(n+1)Cn samples along with a snapshot of Ti2Cafter equilibration at room temperature. Ti3C2Tx film shaped as a 
paper aircraft (b), rolled onto a glass rod (c), and made into hollow cylinder (d) by compounding 10 wt% polyvinyl alcohol 

withstanding a load 15000 times its own weight showing its flexibility and strength. (e) Optical image of Ti3C2Tx film 
demonstrating its transparency and bending capability (inset of e). (f) UV-Visible spectra of Ti3C2Tx film with different 

thickness [28]. 
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In 2018, Xia et al. [80] synthesized Ti3C2Tx MXene liquid crystal where 
electrochemical performance was observed to be independent of the film for a 
thickness up to 200 𝜇m by aligning the films vertically instead of stacking them 
horizontally. The vertical alignment of films was achieved by providing a 
mechanical shear to the liquid crystal mesophase of Ti3C2Tx in way that it is 
stacked perpendicular to the current collector, resulting in the fast movement 
of ions. 
 
1.4.4 – Stability 
A considerable number of research were also conducted to determine the 
reactivity of Ti-based MXenes, especially oxidation and hydrolysis [81-83]. In 
2017, Zhang et al. [84] noted that the colloidal solution of water and Ti3C2Tx 
MXene tend to degrade within 5 days when stored in air at room temperature 
because of the dissolved oxygen formed by the interaction between air and 
water, but the MXene solution was found to be stable for more than 2 years 
when placed in Ar atmosphere at 5°C as it prevents the formation of dissolved 
oxygen, which is considered as the primary oxidant in this case, during the 
process. 
Two years later, in 2019, Huang and Mochalin [85] proposed that it is indeed 
the water that plays a significant role in the degradation of MXene solution 
rather than the oxygen present. The researchers prepared colloidal solution of 
Ti2CTx and Ti3C2Tx Mxene in water and isopropanol (IPA) saturated in Ar and air 
atmosphere. Surprisingly, Ti3C2Tx in water/Ar degraded in 41days, while it took 
around 2026 days for the same to occur in IPA/O2 environment, suggesting that 
MXene degrade faster in the aqueous medium than the oxygen atmosphere.  
 
MXenes, in general, exhibit lower thermal stability in comparison to the one of 
graphene and MoS2. The atomistic simulation models suggested the melting 
points of graphene and single-layer (SL) MoS2 to be 4500K [86] and 3700K [87], 
respectively. Meanwhile the melting points of Ti-based MXenes are 
significantly low with 1050K (Ti2C), 1500K (Ti3C2) and 1700K (Ti4C3) [88]. This 
imply that MXenes may not be suitable in applications such as nanoelectronics 
where temperature is very high [118]. 
 
1.4.5 – Fluidic properties 
Furthermore, Ti3C2Tx, has a contact angle of 21.5° when placed in contact with 
a water droplet, and unlike graphene oxide, it remains firm and stable even 
after vigorous shaking in water [60,66]. Thus, it establishes a great scope and 
potential use in water purification, desalination, membrane sequestration, and 
other water-based applications. Researchers have already demonstrated 
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success in removal of lead [89], phosphorous [70], copper [71] and chromium 
[72] from water by using Ti3C2Tx given its phenomenal antibacterial property 
[93]. 
Ti3C2 MXene shows a higher antibacterial efficiency towards both Gram-
negative E. coli and Gram-positive B. subtilis. Damage to the cell membrane 
was observed, which resulted in release of cytoplasmic materials from bacterial 
cells and cell death [93]. The principal in vitro studies of cytotoxicity of 2D 
sheets of MXenes showed promise for applications in bioscience and 
biotechnology. Presented studies of anticancer activity of the Ti3C2 MXene was 
determined on two normal and two cancerous cell lines and cytotoxicity results 
indicated that the observed toxic effects were higher against cancerous cells 
compared to the normal ones [94]. Further studies on Ti3C2 MXene revealed 
potential of MXenes ad a novel ceramic photothermal agent used for cancer 
therapy [95]. 
The important results obtained in water removal can be attributed to the very 
small interlayer spacing in the MXene membranes (~6Å), which are capable of 
adsorbing and rejecting ions/molecules with a radius larger than the interlayer 
spacing [96]. 
One-micron-thick Ti3C2 MXene membranes demonstrated ultrafast water flux 
(37.4 L/(Bar·h·m2) and differential sieving of salts depending on both the 
hydration radius and charge of the ions. Cation larger than the interlayer 
spacing of MXene do not permeate through Ti3C2 MXene membranes. As for 
smaller cations, the ones with larger charge permeate an order of magnitude 
slower than single-charged cations [96].  
With the problem of fouling and low water flux faced in commercial 2D 
materials, a group led by Khaled surpassed their own water flux value, reported 
above, to 420 L/(Bar·h·m2) by grafting MXene with silver (Ag) nanoparticles 
[97]. 
In 2017, Li et al. [98] reported a phenomenal increase in water permeability of 
MXenes membranes with values over and above 1000 L/(Bar·h·m2). The high 
values reported can be clarified from the following reasons: fragmented and 
nanosized MXene sheets were utilized instead of conventional microsized 
MXene sheets to get a rich pathway for water flux and a bigger interlayer 
spacing was obtained by creating additional nanochannels via intercalating and 
removing Fe(OH)3 nanoparticles which in turn provide more fluid channels for 
water transport [98]. 
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1.5 - Applications 
The abovementioned properties not only qualified MXenes for use in energy 
storage and water purification but also in diverse range of applications, to 
name a few, electrochemical biosensor [99], electromagnetic absorption and 
shielding [100-105], structural composites [106], gas separation [107], 
electrocatalysts [108], transparent conductive films and coatings [109-112], 
hydrogen storage [113] and antibacterial membranes [114]. In 2017, Anasori et 
al. [28] performed an extensive review on the numerous applications of 
MXenes. MXenes have accumulated consideration in various new fields as of 
late which has been outlined in table 1. As it can be inferred from the table, the 
tunable and multifunctional properties of MXene demonstrated novel progress 
in different fields of MXene research from micro-supercapacitors to textile 
technology. However, among all these fields of application, MXene have been 
known to show significant and prominent contributions as electrodes in 
supercapacitors owing to their porous morphology, anodes in metal-ion 
batteries with due respect to their phenomenal intercalation ability and in 
water treatment and environmental remediation strategies such as adsorbents, 
membranes and biosensors [115]. 



24 
 



25 

 
1.6 - Challenges 
MXenes are arguably the fastest-growing 2D materials in the post-graphene 
era, since their discovery in 2011, they have attracted widespread research 
interest due to their intriguing electrical, thermal, mechanical, chemical, as well 
as biological properties. As of January 1st of 2020, the unique term “MXene” 
appears in the titles, abstracts and/or keywords of >1500 publications 
cataloged in two major databases, with clearly exponential expansion of the 
field as a function of published papers per year (figure 14a). A fine collection of 
reviews provided insights regarding their preparation, functionalization, 
purification, characterization, and material properties. Several reviews also 
focused on the application potential of MXenes for a wide range of subject as 
mentioned before and shown in figure 14b, and in membrane-based 
separations applications (figure 14c). 

 
Figure 14: The expansion and topical distribution of the MXene literature as of January 01, 2020. (a) Growth of MXenes 

based on Scopus and Web of Science database (excluding patents). (b,c) topic-based distribution of MXene literature 
according to the number of published articles in all fields (b), and in experimental research on membrane-based 

separations only (c) [119]. 
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Figure 15: Timeline of MXene [119]. 

In figure 15 are summarized the evolution in fabrication of MXenes from 
discovery in 2011, until recent MXenes-based nanomaterial in late 2019, 
including the development of intercalations, Mxene clay, ordered divacancies 
and ordered double-M layers [116]. 
There are 792 possible existing combinations of MAX phases, combining 11 M, 
12 A, 2 X and 3n values (excluding solid solutions and ordered-M layers). But 
only about 70 MAX phases appear to exist to date and among those only 
around 20 have been etched into a 2D material [118]. Moreover, among the 12 
A elements forming the MAX forming MAX phases, only Al had been effectively 
etched until 2018, where Si was etched from Ti3SiC2 to produce Ti3C2 MXene 
[117]. Therefore, the discovery of new MAX phases and their corresponding 2D 
MXenes becomes a significant research path. 
Many characterization methods such as X-ray diffraction (XRD), X-ray 
photoelectron spectroscopy (XPS) and energy-dispersive X-ray spectroscopy 
(EDS) have been employed, but still understanding and specific control of 
surface moieties has been unclear [118]. Non-terminated MXenes are yet to be 
produced and they can be synthesized by bottom-up fabrication methods such 
as physical vapor deposition (PVD) and CVD. Mainly, MXenes have been 
produced by top-down approaches, and only very few attempts have been 
made in growing ML and SL-MXene through bottom-up methods, thus, some 
work needed to be dedicated in this region [118]. 
MXene dispersions in aqueous medium are being stored in subzero 
temperatures to give longer life, but this solution is not feasible in practice and 
thus better techniques need to be explored for storing MXene solution and at 
the same time prevent them from being oxidized [118]. 
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The use of MXenes in many applications such as hydrogen storage, 
supercapacitors, batteries and desalination are still in their initial stages. In the 
second part of this thesis are reported the techniques and design to produce 
advanced MXene membranes for multiple purpose such as desalination and 
water purification. 
Finally, mainstream of recent works published on properties of MXenes, ie. 
electrical, electronic, mechanical etc. are on basis of theoretical studies such as 
DFT or MD, therefore an experimental coverage of these findings is required to 
verify those theoretical simulations [118]. 
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PART 2 – MXene-based membrane design 
 
2.1 - Introduction to membranes with nanomaterials 
 
Membrane design has been a direct application area of nanomaterials 
researcher [1]. The exploitation of nanoparticles as filters (nanofillers) or 
yielding nanocomposites structures for example, is a viable strategy of 
engineering the permeability, selectivity and/or stability of polymeric and 
ceramic membranes [2]. For selecting or producing the right filler for the right 
membrane applications, numerous studies focused on the particle size and 
shape, pore size and pore shape, surface chemistry and chemical stability of 
nanofillers as classical design parameters [3]. Several nanomaterials also 
proved to be useful as supported nanolaminate membranes (NLMs), having 
asymmetric structure similar to thin-film composite (TFC) membranes [4]. 
Among the nanomaterials used for membrane research, the family of 
graphene-like materials (GFMs) have attracted special and growing attention 
[5]. GFMs have successfully served as functional fillers of nanocomposites 
membranes as well as NLMs with tunable nanochannels [6]. Leading by 
graphene membranes, research has revealed the unique advantages of flat 
materials in membrane development, providing crucial insights into the role of 
particle morphology and surface chemistry [8]. Beyond graphene, a wide range 
of 2D inorganic, as well as organic nanomaterials, have been increasingly 
investigated for membrane applications [9]. 
On the top of the 2D nanomaterials used in membrane research, few of them 
like exfoliated hexagonal boron nitrides (h-BNs), graphitic carbon nitride (g-
C3N4), transition metal dichalcogenides (TMDs) and metal carbide, nitride or 
carbonitrides (MXenes) are of special interest as graphene analogs [10]. Thanks 
to their strong structural, physical and/or chemical similarities, those materials 
can take advantages from the results achieved by research in developing 
graphene-based membranes. Nevertheless, different 2D material offer 
different properties that meet the need of different applications. In this 
respect, MXenes are of particular interest due to their rich surface chemistry 
and unique physicochemical properties [11]. Although, the majority of MXenes 
literature is currently based on a specific type of MXene, ie. Ti3C2Tx, the 
MXenes are highly customizable as a family of materials [12]. The precursor of 
MXene, MAX phases, offer an immense compositional vastness, as already said 
in the first part of this document, the precursor selection not only determines 
the chemical but also affects the physical properties of resulting MXenes 
considerably. Moreover, MXenes are post-functionalizable materials: during or 
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after the etching from MAX phases and delamination, it is possible to introduce 
a variety of functional groups to MXenes, which provides another level of 
tunability [17,18]. Thus, MXenes constitute a highly versatile superfamily of 
nanomaterials and bring an unprecedented level of materials design capability 
at the disposal of advanced membrane research. 
Several reviews also focused on the application potential of MXenes for a wide 
range of subjects, as mentioned before, however, only a couple of reviews 
[9,41,47] examined MXene-based separation membranes as a part of general 
discussions on the MXene applications or 2D membranes. 
 
2.1.1 - MXene-based membrane materials 
There are two main ways of synthesizing MXenes, as mentioned above, by CVD 
which is bottom-up approach, and by selectively etching the A element from 
the precursor MAX phase followed by exfoliation, which is the top-down 
approach. 
The CVD method can potentially produce high-quality 2D MXene with large 
lateral size and few defect [53]. However, CVD is not suitable for fabrication of 
large-area membranes, and only few type of carbide MXene have been 
produced yet, thus more emphasis is being placed on the top-down synthesis 
method. 
The vast majority of the MXene-based membranes available in the literature 
are based on the top-down route, starting with MAX phases as parent 
materials.  
 
2.2 – PROPERTIES OF MXENE MEMBRANES 
 
MXenes demonstrate several desirable properties that can be capitalized for 
designing high-performance membranes, exploiting the benefits of 2D 
morphology for membrane design, fabrication and stability, solution 
processability and chemical stability of MXenes in aqueous dispersions. 
Furthermore, MXenes have excellent electrical, mechanical, and antimicrobial 
properties, which are crucial roles in membrane performance for different 
applications. 
 
2.2.1 – 2D Morphology 
The 2D morphology of MXenes are similar to the 2D of graphene-like materials, 
the high aspect ratio of regular Mxene nanosheets endows the resulting 
membranes with nanochannels that resulted in lengthened the diffusion 
pathways for solute transport (figure 16a). These nanochannels are formed by 
pinholes, internal spacing between parallel and wrinkled nanosheets known as 
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nanogalleries, and voids between nanosheets edge which can be considered as 
nanoslits.  
The longer length of the permeation pathways allows the differentiation of 
solute transport rates, which serves as the basis of selectivity for the 
membranes formed by MXenes or any 2D materials [182]. Moreover, by 
engineering the interlayer spacing of MXene assemblies, one can create well-
defined transport channels for enabling size-exclusion-based molecular 
separation membranes: Ti3C2Tx nanosheets demonstrate an interlayer spacing 
of ≈0.64 nm in the wet state, which allows water transport but retains solute 
of size larger than this interlayer spacing [60]. This interlayer spacing can be 
further decreased to a range of 0.52-0.38 nm when dried and/or heated, 
making the resulting MXene-based membranes suitable for gas separation [70].  
The lateral dimension, flake size, of MXene nanosheets can also be tailored 
from 6 to <1 𝜇𝑚 by varying the etching and exfoliation conditions. Thus, it 
becomes possible to modulate efficiently the key parameters of diffusion 
pathways and membranes thickness to engine the separation performance of 
the MXene-based membranes [71]. Besides, as with other 2D materials, 
MXenes are not perfectly flat and get wrinkled, which adds up to the 
microstructural properties of resulting nanolaminates (fig. 1b). 
 

 
Figure 16: (a) Solute transport through a MXene-based nanolaminate. (b) SEM image of a MXene-based nanolaminate. A 
Mixed-Matrix (c) and Thin-Film Nanocomposites (d) formed by MXene nanosheets as a filler material incorporated in 
bulk polymer matrices (c) or thin selective layers over a porous support (d). (e) HTEM image of a MXene nanosheet 
embedded in a polymer matrix. 
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2.2.2 – Physicochemical properties 
One of the most important physicochemical property of MXene-based 
materials is their hydrophilicity, which is the main reason behind their good 
water processability. The reason of MXene hydrophilicity comes from their 
surface terminal/functional groups, which replace the A atoms in the MAX 
phase precursors. These groups are typically based on oxygen and/or fluorine 
atoms, experimentally, Ti3C2Tx nanosheets exhibit a higher O/F ratio when 
synthesized using HCl-LiF solutions instead of 50% HF [74]. The higher O/F 
ratio, along with the presence of -OH functional groups and intercalating 
cations such as Li+ and NH4

+, can provide MXene nanosheets with greater 
capacity to interact with water molecules: Ti3C2Tx-based sheets exhibit high 
water wettability (ie. high hydrophilicity) with water contact angles of ≈25-45° 
[60,71]. The presence of -OH functional groups and the associated negative 
charges, with high zeta potential values ranging between -30 and -80mV, also 
opens up the possibility of surface modifications via chemicals functionalization 
and electrostatic attractions [75]. To modify the surfaces of Ti3C2Tx nanosheets, 
cationic surfactants or cationic/neutral polymers such as 
hexadecyltrimethylammonium bromide (CTAB), polyethyleneimine (PEI), poly-
diallylmethylammonium chloride (PDDA), poly-dimethylsiloxane (PDMS), poly-
ethylene oxide (PEO), and poly-vinyl alcohol (PVA) were utilized [76,77,78]. 
Beyond that, by using silanol chemistry on -OH groups, the Ti3C2Tx nanosheets 
were also grafted with organosiloxanes to give a multitude of functional groups 
including -NH2, -COOR, -C6H6 and -C12H26 [79]. These efforts not only confirm 
the feasibility of MXene-based materials, but also demonstrated the chemical 
versatility of MXenes, which is desirable for membrane development. 
 
2.2.3 – Chemical stability 
Another important aspect is the chemical stability of MXene, that play a crucial 
role for both solution processability and the performance of resulting 
membranes. Under an inert gas environment, Ti3C2Tx, with Tx= F or OH, are 
fairly stable until 800°C with a minimal level of oxidation at around 500°C [80]. 
As previously discussed, surface-exposed metal atoms of MXenes are easily 
oxidized [81]. One solution to prevent oxidization and improve durability for 
longer period, as said, is keeping colloidal MXenes in argon-filled containers at 
low temperatures. It is important to note that MXene are also considerably 
more stable in the dry form (as films) and as embedded in a polymeric matrix 
such as PVA [69,82]. On the other hand, the stability of Ti3C2 can be 
dramatically improved by annealing under hydrogen atmosphere [83].  
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2.2.4 – Electrical properties 
The electrical conductivity of certain MXene-based materials is of particular 
interest to membrane applications: titanium carbide MXene have probably one 
of the most attractive conductivities among all solution-processable 2D 
materials, including graphene [32,68]. Reported Ti3C2Tx films have a metallic 
conductivity around 10000 S/cm, allowing them to demonstrate potential in 
modulating ion transport under an externally applied potential [60]. A novel 
study in the field has successfully attested this concept by modulating the 
transport of NaCl and MgSO4 salts through a Ti3C2Tx membrane via switching 
between positive and negative voltages [84]. In the study, they attributed this 
voltage gating effect to the change in electrostatic interactions between Ti3C2Tx 
nanosheets and cations, which led to ions intercalation and corresponding 
alterations in the interlayer spacing between Ti3C2Tx nanosheets [84]. 
 
 
2.2.5 – Mechanical properties 
Also the mechanical properties of MXene-based material are very interesting 
for membrane development. Single-layer Ti3C2Tx MXene have very high Young’s 
modulus of ≈0.33TPa possessing an even higher elasticity than graphene oxide 
and other solution-processed 2D materials [24]. More importantly, when 
combined with polymeric materials such as PDMS or PVA, the Ti3C2Tx 
nanosheets enhance the overall mechanical properties of the resulting 
nanocomposites films [75]. Notice that PDMS (hydrophobic) and PVA 
(hydrophilic) are common membrane materials with different wettability 
behaviors. 
 
2.2.6 – Antimicrobial properties 
In addition to the chemical and physical properties introduced above, the 
antimicrobial behavior of MXenes is also important for certain membrane 
applications. Colloidal dispersions of Ti3C2Tx nanosheets exhibit strong 
antibacterial activity against both Gram-negative and Gram-positive bacteria, 
overcoming that of GO [22]. Potent antibacterial activity of MXenes is also 
revealed in surface-deposited or polymeric-embedded forms as observed by 
different research [85,86,87]. 
Further discussion on these properties will be done in section 2.5.2 of this 
thesis, focusing on the MXene-based separation membranes. 
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2.3 – FABRICATION OF MXENE MEMBRANES 
 
The discuss will focus on 3 types of membranes, as already shown in figure 16, 
which have been commonly utilized for preparing MXene-based membranes: 
1) nanolaminate membranes (NLMs), 2) thin-film nanocomposites (TFNs) and 
3) mixed-matrix membranes (MMMs).  
 
2.3.1 – Nanolaminates membranes 
The NLMs prepared by vacuum or pressure assisted filtration represent, in 
academic research, the most extensively studied membrane format for MXene-
based membranes (illustration in figure 16a). The first step to fabricate NLMs is 
to disperse MXenes in solvents, usually water at an appropriate pH, forming a 
homogeneous and stable colloidal [70,71]. 
First two important parameters to take into account for preparing such 
membranes are the lateral dimension of the flakes and choice of support 
membranes. Moreover, several parameters such as the concentration and 
volume of colloidal dispersions, as well as the pressure applied will directly 
impact the compactness, thickness and integrity of the resulting membranes 
[90,91].  
It should be appointed that there are alternative methods of preparing NLMs 
resembling the ones prepared by filtration methods, for example, Xu et al. has 
reported a preparation via spin coating of a MXene membrane on a flat-sheet 
polyacrylonitrile (PAN) supports. Similarly, dip coating of MXene materials on a 
four-channel ceramic 𝛼-Al2O3 hollow fiber support was demonstrated [92]. 
Another important aspect in NLM fabrication lies in the solution processability 
of MXene-based materials, which is also linked to the rheological properties of 
dispersion. It has been shown that the colloidal dispersion of Ti3C2Tx may 
exhibit viscoelastic behaviors at different concentrations depending on the rate 
of exfoliation [93]. Single-layer Ti3C2Tx dispersions denote a noticeable 
viscoelastic behavior at a concentration as low as <0.36 mg/mL, while 
multilayer Ti3C2Tx dispersion can reach high viscoelasticity with increasing 
elastic moduli at higher loadings [93]. These observation demonstrate that the 
rheological versatility of Ti3C2Tx dispersions is an important factor for 
membrane fabrications even beyond the preparation of NLMs. Apart from the 
ease of fabrication, NLMs also constitute a practical platform to showcase the 
effects brought by chemical functionalization and intercalation. For this reason, 
PEI, borate ions and silver, titania (TiO2) and ferric hydroxide nanoparticles, as 
well as GO nanosheets had been employed to improve the performance of 
MXene-based NLMs [70,71,93]. 
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2.3.2 – Thin-Film Nanocomposites 
The idea of TFN membrane is a modified version of TFCs (see figure 16d,e). 
Actually, the most commercially successful membranes for wastewater 
treatment and desalination are TFCs membranes, while TFNs are interesting for 
performance-driven research [182]. In fact, TFNs have demonstrated a great 
promise for a wide range of applications including nanofiltration (NF) and 
osmotically driven processes including forward osmosis (FO), reverse osmosis 
(RO) and pressure-retarded osmosis (PRO). Like to the conventional TFCs, the 
TFN membranes usually comprise an ultrathin polyamide (PA) selective layer 
over a porous substrate, that act as a support layer, to afford an asymmetric 
structure. To do so, the interfacial polymerization (IP) techniques serves as the 
core method of preparing such membranes, which has not been systematically 
studied so far for MXene-filled membranes [182] 
 
2.3.3 – Mixed-Matrix Membranes 
A common opinion to MXene-based membranes is that while NLMs are useful 
for academic research, TFNs and MMMs are still the more realistic membrane 
designs for practical applications [182]. The idea of MMMs revolves around the 
goal of engineering the transport properties of membranes, continuous matrix 
phase, by integrating of filler particles (illustration in figure 16c) [5]. 
The production of such membranes generally involves dispersing the filler 
material into the polymer dope solution before casting the membrane and 
inducing phase inversion either through solvent evaporation or nonsolvent-
induced coagulation. A correct design of MMM have to take in consideration 
the following aspects: 1) uniformity and state of aggregation of the filler 
material in the prepared membrane, 2) dispersion stability of the filler material 
in the organic solvent system adopted by the polymer dope solution and 3) 
chemical compatibility of the filler material with the polymer matrix, 
particularly at the filler/polymer interface [5]. 
Thanks to their hydrophilicity and polarity, MXene-based material are highly 
compelling to this scope, as well as their rich surface chemistry which allow 
considerable versatility for further functionalization as well as strong 
interactions with a range of solvents. Experimentally, Ti3C2Tx nanosheets are 
found to possess long-term dispersion and chemical stability in polar solvent 
such as N,N-dimethylformamide (DMF) and N-methyl-2-pyrrolidone (NMP), 
that are important solvents for mixed-matrix membranes [95]. Moreover, the 
presence of hydroxyl (-OH) terminations offers the possibility of using classical 
silanol chemistry to functionalize the surface of the nanosheets and increase 
their chemical compatibility at the filler/polymer interfaces, since silanol 
chemistry is the most extensively utilized chemistries for mitigating nonideal 
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interfacial morphologies, ie. membrane defect [5]. Therefore, successful 
fabrication of Ti3C2Tx-based MMMs using various polymers as matrix had been 
reported for effective purification of water and organic solvents [79,84,96,97]. 
The roles played by MXene fillers in MMMs varies in more than one effort, can 
range from leveraging the 2D morphology and narrow interlayer spacing for 
size exclusion, tuning surface chemistries for promoting facilitated transport to 
altering the packing of polymer chains for enhancing mechanical properties 
and separation performance and lengthening diffusion pathways for realizing 
selective solute transport. By the way, these roles are not distinctly different 
from those played by other 2D materials fillers [5]. The truly value apported for 
MXene-based MMMs should be find toward exploiting the unique advantages 
of MXene-based materials such as the high electrical conductivity. In this 
respect, a preliminary study had shown that 1.5𝜇𝑚 thick Ti3C2Tx/PVA MMM not 
only exhibited enhanced mechanical stability that was sufficiently robust to 
endure repeated performance evaluations but also continued to stay 
electrically conductive, allowing water fluxes and electrostatically manipulated 
rejection rates to remain tunable by applying different voltages [84]. 
 
2.4 – PHYSICS OF MXENE-BASED MEMBRANES 
 
Before evaluating the separation/purification performance, is important to 
provide a brief discussion on the separation mechanism of MXene-based 
membranes. In both MMMs and TFNs, MXenes serve as filler material rather 
than directly acting as the selective component. Moreover, the main 
contribution of MXenes in MMMs and TFNs is to engineer the transport 
properties of the matrix and lower the membrane resistance. Thus, to 
understand separation mechanism we will focus on NLMs followed by a brief 
discussion on how MXenes improve the performance of MMMs and TFN 
membranes. 
 
2.4.1 – Liquid Separation by Nanolaminates 
NLMs for water and organic solvent purification typically separate via two main 
mechanisms: 1) size exclusion or 2) Donnan exclusion principle [94]. As 
previously discuss in section 2.2, the size of the interlayer spacing plays an 
instrumental role in the size exclusion mechanism: solutes which are larger 
than the interlayer spacing between MXene nanosheets are sieved out or 
rejected, while smaller solutes are allowed to permeate through the interlayer 
spacing (figure 16a) [105,107]. Furthermore, MXene nanosheets are highly 
negatively charged, therefore charged solutes, such as ions, polyelectrolytes 
and organic dyes, can be separated via Donnan exclusion principle.  
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In Donnan exclusion principle, ions with the same charge of the membranes 
are electrostatically repelled away from the membrane, which, in turn, drives 
the rejection of the counter-ions to maintain electroneutrality of the solution 
[108]. Thanks to this electrostatic repulsion of the charged solutes, the 
nanoslits and interlayer spacing can be larger than the size of the solutes to be 
separated. 
 
The interlayer spacing in the nanometer to sub-nanometer regime is achieved 
and controlled in MXene-based nanolaminates, thus the NF process is best 
suited for nanolaminates for water and organic solvent purification [182]. 
The flux of the solvent permeating through the MXene-based NLMs can be 
defined by Hagen-Poiseuille equation (Equation 1) which is valid for NLMs of 
other 2D materials [109]. 
 

Flux = !!∆#
$%&"'∆(

  (1) 
 
Where ℎ is the d-spacing between the MXene nanosheets, ∆𝑝 is the 
transmembrane pressure, L is the average lateral dimension of MXene 
nanosheets, 𝜂 is the viscosity of the solvent and ∆𝑥 is the membrane thickness. 
 
2.4.2 – Gas Separation by Nanolaminates 
A common mechanism of gas separation in NLMs is Knudsen diffusion [102]. 
When the mean free path of a gas molecule is larger than the channel it travels, 
Knudsen diffusion acts as the dominant mechanism of transport [103]. In such 
conditions, the molecular weights of the gases determine the separation 
selectivity, or more precisely, the selectivity is inversely proportional to the 
square root of the molecular weight of the permeating gas components, as 
shown in Equation 2 and 3 [104]. 
 

𝐽 = )*+",#∆#
-./0

   (2) 
 
Where J is the flux of the membrane, n is the molar concentration of the gas, r 
is the pore radius, ∆𝑝 is the transmembrane pressure, R is the gas constant, T is 
the temperature, 𝜏 is the tortuosity of the pores and l is the diffusion length. 
𝐷1 is the Knudsen diffusion coefficient which is defined as given in Equation 3: 
 

𝐷1 = 0.66𝑟< 2-.
)3$

  (3) 

 
Where 𝑀4 is the molecular weight of the permeating gas [105]. 
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Furthermore, MXene-based NLMs have huge potential to separate via a 
facilitated, ie. carrier mediated, transport mechanism. Facilitated transport is 
enabled by chemical carriers that can react reversibly with one gas component 
but not the other, that allows the interacting gas to permeate through the 
nanolaminate more preferentially than the non-interacting one [106]. Thanks 
to the rich surface chemistry and physicochemical versatility of MXene 
materials, MXene-based NLMs can be chemically modified with a multitude of 
different functional groups to target specific gas components in feed mixture 
[182]. 
 
2.4.3 – Separation by Composite Membranes  
Despite to the NLMs, MXenes do not have a direct influence on the separation 
mechanism of MMMs and TFN membranes. This happen because their main 
objective is to serve the role of filler materials for lowering mass transfer 
resistance and achieving performance enhancements. Thus, adding MXenes 
does not alter the separation mechanism that is already governing the 
transport behavior of the membranes [182]. For example, MMMs and the 
“skin-like” selective layers of TFN membranes possess nonporous (dense) 
structures where solutes permeate via a solution-diffusion mechanism. 
According to the solution-diffusion mechanism, solute permeability is a 
function of its solubility and diffusivity like  𝑃 = 𝑆	𝐷 where P is the 
permeability of the membrane, S is the solubility and D is the diffusivity of the 
solute permeating through the membrane [5]. 
Solubility is a thermodynamic term that quantifies the amount of solutes 
sorbed by the membrane, while diffusivity is a kinetic term which accounts for 
how fast the solute diffuse through the membrane [104]. Incorporating MXene 
fillers into the polymer matrix of MMMs or the selective layer of TFN 
membranes, can provide supplementary pathways of lower transport 
resistance as compared to the dense polymer matrix (figure 16c-e), thanks to 
the nanochannels made up by interlayer spacing of layered MXenes and the 
nanogaps at the polymer/filler interface. Consequently, increases the diffusivity 
of the solutes, leading to an enhancement in solute permeability. Similar 
enhancement in solute permeability is achieved by incorporating chemically 
functionalized MXenes with enhanced affinity towards the solutes to 
strengthen the solubility of the solutes [182]. 
Finally, in the case of dense membrane structures where solute transport 
remains hinged on the solution-diffusion mechanism and the addition of 
MXene fillers can alter diffusivity and solubility of solutes to bring an 
engineering of the transport properties of the membranes. 
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2.5 – MXENE-BASED SEPARATION MEMBRANES 
 
MXenes offer incredible and suitable material properties that are well-aligned 
with the efforts at realizing next-generation membranes. As mentioned before, 
MXenes are also capable for designing different types of membranes. In fact, 
MXenes have been so far utilized for a wide range of separation/purification 
membrane applications. In this section, the discussion focus on the progress 
made in MXene-based membranes according to gas, water and organic solvent 
separation/purification applications. 
 
2.5.1 – Gas Separation 
Even if is in infancy stage, MXenes have already demonstrated valuable scope 
in membrane-based gas separation. In 2018, Ding et al. fabricated MXene-
based NLMs via vacuum-assisted filtration on anodic aluminum oxide (AAO) 
supports [89]. By simply peeling off the deposited film, the researchers could 
prepare freestanding MXene membranes showing high mechanical robustness 
(see figure 17a, b). 
Gas permeation analysis showed that the freestanding MXene nanolaminates 
are highly permeable to small gas molecules, ie. He: 2164 barrer; H2: 2402 
barrer, at 25°C and 1bar. Since the permeation of larger gas molecules, 
including CO2, O2, N2 and CH4, were quite low, Ding et al. demonstrated high 
selectivity for several small/large gas pairs. For example, H2/CO2 gas pair 
reached a high ideal and mixed-gas selectivity of 238.4 and 166.6 respectively, 
despite a selectivity of only ≈4.7 was predicted based on Knudsen diffusion. 
This result overcome the 2008 Robeson upper bound [103], a hypothetical 
boundary line that showcase a practical performance limit of conventional 
polymeric membranes, significantly (figure 17c). 
However, the ideal CO2/N2 selectivity was very low since the permeability of 
CO2 was lower than that of N2 (CO2: 10 barrer; N2: 19 barrer) [89]. The authors 
attributed this observation to the restriction of CO2 diffusion due to strong 
interaction of CO2 molecules and MXenes: oxygen-containing functional groups 
on MXene surfaces might be exerting a “trapping effect” on the permeating 
CO2 molecules. Ding et al. have verified this argument by measuring the 
interaction energies of CO2 and N2 with MXenes, which were -175.1 and -97.5 
kJ mol-1, respectively. Hence, MXene NLMs appear promising for applications 
that require the suppression of CO2 permeation [89]. 
2.5.1.1 – Carbon Capture 
One way to increase the CO2 permeation is to reduce the overall transport 
resistance by developing thinner NLMs with accurate interlayer spacings. Shen 
et al. [70] had successfully employed this strategy by manipulating the 
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crosslinking of MXene nanosheets with borate (B4O7
2-) and PEI (figure 17d,e). 

They demonstrated that both borate and PEI/borate intercalation allowed the 
discrimination between CO2 and CH4 (or N2) together with an increase in 
mechanical strength. This was further confirmed with a 43% increase in the 
equilibrium CO2 adsorption of borate/PEI-intercalated MXene (13% for borate-
modified MXene) as compared to pristine MXene as shown in figure 17f. With 
this result, the borate/PEI-intercalated MXene-based membranes transcended 
the separation performance of even MOF-based membranes. On the other 
hand, it had been reported that the composition of the feed gas, like the 
relative humidity, substantially affect the overall performance of MXene-based 
membranes. This effect had been demonstrated by Shan et al, where H2/CO2 
selectivity fall for about 50% (from 19.7 to 9.8) when the relative humidity 
increased from 40% to 90% [70]. 

 
Figure 17: Gas separation performance of MXene-based membranes. a) Top and b) cross-sectional SEM images of a 
freestanding MXene membrane. c) H2/CO2 separation performance of the MXene membrane in Robeson-type plot [89]. 
d) An MXene NLM deposited on AAO support. e) Depiction of the structure and gas transport behavior of H2 and CO2 
selective MXene nanolaminates. f) gas adsorption properties of MXene-based nanolaminates at 25°C (MB: MXene 
crosslinked with borate; MBP: MXene crosslinked/intercalated with borate and PEI; “75” denotes the treatment 
temperature in °C) [70]. g) Unfilled and MXene-filled PEBA membranes prepared by solvent casting. h) Benchmarking of 
MMMs prepared by combining PEBAX 1657 and Ti3C2Tx [114]. 
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The commonly accepted explanation for such evidence lies in the facilitated 
transport of CO2 by H2O molecules that are intercalated between the 
nanogalleries. Considering the fact that moisture is typically present in the feed 
streams for CO2-based separation processes [110,112], it could be beneficial to 
carry out a pre-treatment to dry feed gas streams, to overcome this problem. 
Besides to room-temperature operations, MXenes are also useful for gas 
separation at medium/high temperatures. In 2019, Fan et al. [113] have shown 
that MXene-based NLMs give high selectivity of 41 for H2/N2 separation at 
320°C. Moreover, their AAO-support of the MXene membrane showed no sign 
of degradation up to 200h of operation [113], this could be relevant for 
industrial purpose on H2 separation processes.  
In another promising demonstration, Liu et al. [73] employed a MXenes as the 
filler of a poly(ether-block-amide) (PEBA) MMM for CO2 capture. Using Ti3C2Tx 
nanosheets at a filler loading as low as 0.15 wt%, the researchers have 
prepared high-performance composite membranes on PAN supports by spin 
coating. Due to the preferential affinity of polar CO2 to polar Ti3C2Tx particles 
and PEO blocks in PEBA used, the resulting MMM reached a remarkable CO2/N2 
selectivity of 72.5 with the CO2 permeance of 21.6 GPU, also here the resulting 
membrane showed good stability in a 120h long continuous operation [73].  
Another recent study, conducted by Shamsabadi et al. in 2020 [114], using two 
PEBA varieties and water-soluble polyurethane, developed MMMs (and TFCs) 
for CO2 capture. With Pebax 1657, which contains PEO blocks, they shown 
MMMs (figure 17g) with high permeability and selectivity, overcoming the 
2008 Robeson upper bound for CO2/N2 (figure 17h). Surprisingly, they also 
observed that while the Ti3C2Tx nanosheets exposed to open air degrades fast, 
MMMs are stable for 6 months as the polymer matrix serves as a protective 
layer [114].  
 
2.5.1.2 – PAN-based filter  
In 2019, Gao et al. [87] introduced a study concerning the filtration of a fine 
particulate matter (PM2.5: atmospheric particles with an effective 
aerodynamic diameter below 2.5 𝜇m) from air using MXene-incorporated PAN-
based filters.  
The performance of particulate air filter, as considered in the very concept of 
effective aerodynamic diameter, is influenced not only by the mesh size of 
filters but also the attraction of particles to the filter surfaces [115]. Therefore, 
the authors added just 0.005-0.080 wt% of MXene into PAN, by combining 
MXene and PAN as the electrospinning precursor. The resulting electrospun 
composite filter exhibited superior PM2.5 removal performance in terms of 
both rate (4.2 vs 44 𝜇𝑔	𝑐𝑚5%ℎ5$ ) and filtering capacity (>2 times). Moreover, 
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using a model Gram-positive species (Staphylococcus aureus), they have 
reported some preliminary observations on the inhibition of bacterial growth 
on the composite filters developed [87]. 
 
2.5.2 – Water Purification 
One of the most attempt material properties of MXenes, for fabricating NLMs 
for gas separation, is likely their 2D morphology, which is properly possess by 
all 2D materials. Instead, for producing water separation membranes, MXenes 
offer much more: hydrophilicity, ion adsorption capacity, high surface charge, 
mechanical robustness, electrical conductivity, chemical tuneability, 
photothermal and photocatalytic as well as antibacterial properties are among 
the most interesting attributes of MXenes application in water separation 
[182]. There are two major topics where MXenes are involved in the wide 
range of water purification applications: 1) wastewater treatment, and 2) water 
desalination.  
For wastewater treatment the studies focused on bacterial disinfection and 
solute removal. For water desalination, instead we cover molecular sieving and 
photothermal membrane distillation. 
 
2.5.2.1 – Wastewater Treatment 
Looking for applications in wastewater treatment, Ding et al. [71] assembled 
Ti3C2Tx MXene nanolaminates on AAO support via vacuum-assisted filtration. 
To create a high number of channels that facilitate water transport, they have 
utilized MXenes with lateral size of ≈ 100-400 nm. Moreover, they have 
intercalated MXenes with positively charged Fe(OH)3 nanoparticles, which were 
removed later during the membrane fabrication, thus leaving a larger interlayer 
spacing between the MXene nanosheets (figure 18a-c). Thanks to this 
combined strategy, an outstanding high water permeability of >1000 L m-2 h-1 
bar-1 was reported (figure 18d). In addition, their MXene membranes achieved 
a rejection efficiency of >90% for organic molecules having average molecular 
sizes above 2.5nm.  
To enable the rejection of small dye molecules with hydrated diameters in the 
range of 1.0-1.6nm, Kang et al. [94] incorporated 10-30 wt% of GO nanosheets 
into MXene nanolaminates (figure 18e). The overall thickness increases from 
≈0.92 nm of the individual hydroxylated MXene nanosheets to ≈1.43 nm of 
the hybrid nanolaminates. Therefore, the effective nanochannel size of the 
hydrated MXene-GO composite membrane was ≈0.5nm, due to stacking 
effect. The MXene-GO composite membrane exhibited high rejection rates, 
during the pressure-driven filtration test, for charged dye molecules with 
hydrated radius of >0.5nm but performed worse for neutral and smaller dye 
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molecules as shown in figure 18f. This result indicates that the nanogalleries 
formed in MXene nanolaminates provide size exclusion effect and the negative 
surface charge enhances the rejection of charged dyes by electrostatic 
repulsion [94]. 
In 2018, Wang et al. have employed double-layered MXene nanosheets for the 
preparation of supported membranes by vacuum-assisted filtration [109]. 
These membranes possessed rigid and highly ordered nanochannels, providing 
fast water transport and a water permeability of 2300 L m-2 h-1 bar-1 as shown 
in figure 3g [109]. 

 
Figure 18: Water purification by MXene-based membrane. a) Preparation. b) and c) characterization. d) performance of 
MXene-based NLMs with enlarged interlayer spacing achieved by the intercalation and subsequent removal of colloidal 
Fe(OH)3 [71]. e) Conceptual diagram of size exclusion by GO-MXene hybrid membrane. f) Rejection efficiency 
comparison of GO-MXene hybrid membrane with respect to GO and MXene [94]. g) Performance comparison of MXene-
based membrane and other 2D-based or commercial polymeric membranes for rejection of various dye molecules [109]. 
h) Effect of MXene nanosheets on defect prevention in TiO2 mesoporous membranes [92]. 
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More recently, in 2020, Liu et al. [116] by combining again MXenes and GO, 
have reported hybrid NLMs reaching higher rejection rates for organic dyes: 
they have shown the rejection of humic acid and bovine serum albumin. 
However, MXene-GO hybrids exhibit lower water permeance than pure MXene 
NLMs in general. This could be possible because of the difference in lateral size 
between MXene and GO nanosheets used in these studied, therefore there is a 
need to pursue more systematic investigations. 
In another interesting work, Xu et al. [92] have prepared MXene-incorporated 
mesoporous TiO2 membranes for testing dextran rejection, see figure 18h. 
Notice that they used only 1.0 wt% MXene nanosheets. Xu and others coated 
disc-shaped and hollow fiber 𝛼-Al2O3 supports with MXene dispersion by spin 
coating and dip coating respectively. After drying they calcined the hybrid 
membranes composed of TiO2 hydrosols and MXenes at 400°C and developed a 
durable membrane, which reached superior dextran rejections. The researcher 
attributed the enhanced performance of TiO2-MXene membranes to the 
prevention of structural defects by MXenes (figure 18h): MXenes limited the 
infiltration of hydrosol particles through the support during membrane 
fabrication and sealed large defects, thus providing better dextran rejection 
without sacrificing the water flux dramatically [92]. In a parallel work, Sun et al. 
[117] varied different parameters, such as the dip-coating duration, the loading 
ratio of MXenes, the duration and temperature of the calcination process. They 
observed only <20% and <40% decline in water flux, for 1 and 5 wt% MXene 
incorporations, respectively. Interesting, they could manipulate the molecular 
cut-off and pore size of TiO2-MXene membranes by playing with the rest of the 
parameters effectively [117]. However, talking about the practicality of water 
treatment membranes, the resistance of membranes to fouling is equally 
critical. Thinking that a fast-fouling membrane has a limited chance for 
practical applications, if there are any. Also in this case, MXenes appear 
promising as a new material platform [182].  
In 2017, Rasool et al. [85] demonstrated the antibacterial properties of MXene 
NLMs, inhibiting the growth of both Gram-positive and Gram-negative bacteria, 
as shown in figure 19a. They also observed that their MXene membrane exhibit 
antibacterial activity when oxidized in open air naturally (figure 19b). Later, 
Pandey et al. [86] developed a composite NLM composed of silver 
nanoparticles (AgNPs) and MXenes, that shown high-performance antibacterial 
activity by adding 21% AgNPs to the MXene membrane (figure 19c). This effect 
is presumably due to the synergistic antibacterial activity of AgNPs and MXenes 
[86]. In figure 19d, hybrid AgNP-MXene membranes (Ag@MXene) 
demonstrated virtually complete inhibition of Escherichia coli (E. coli) cells. 
Moreover, the bacterial cells grown on Ag@MXene membranes lost their 
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envelope integrity as it shown comparing figure 19e and 19f. In addition, the 
inclusion of AgNPs also improved the water permeance (figure 19g), while no 
significant drop happened in the rejection of Rhodamine B, methyl green, and 
BSA (figure 19f) [118]. 
Another important aspect for separation membranes, parallel to biofouling, it 
comes from suffering the fouling of oily substances, particularly for wastewater 
treatment processes. Thus, oil-water separation is an important subject on its 
own: Saththasivam et al. [119] and Li et al. [120], in 2019, had developed oil-
water separating nanolaminates by depositing MXenes on print paper and 
polyethersulfone (PESf) substrates, respectively. In both studies were shown 
promising results with low fouling and high resistance to oils, including oily 
solvents [119,120]. Further discussion on the solvent resistance of MXene-
based membranes are provided forward in section 2.5.3 of this thesis. 
 
2.5.2.2 – Water Desalination 
Nanoenabled ion sieving membranes have gained increasing attention in the 
last couple of years, thanks to an urgent needing to increase the efficiency of 
desalination processes. The mechanism behind ion sieving membranes is 
mainly size exclusion and Donnan principles [182]. The most efficient way to 
achieve this, for MXene-based NLMs, is to engineer the interlayer spacing, 
allowing water molecules to pass through while excluding hydrated ions. With 
this attempt, several studies have evaluated the ion and water transport 
through MXene-based membranes.  
Early in 2015, Ren et al. [60] compared the water and positively-charged ions 
transport behavior of Ti3C2Tx MXene and GO based NLMs. The researcher 
observed that 1.5𝜇𝑚 thick MXene nanolaminate (shown in figure 20a,b) 
provided around 6 times higher water permeability than GO membrane of 
same thicknesses, precisely 37.4 vs 6.5 L m-2 h-1 bar-1 respectively. The MXene 
nanolaminates allowed the transport of about 3 layers of water molecules, 
thanks to its average nanochannel size of 0.64nm. This thick MXene membrane 
can reject any ions with hydration radius larger than 0.64nm, but ions with 
hydration radius smaller than this value permeate through.  
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Figure 19:MXene-based antibacterial membranes for water purification. a) Colonies and b) viable counts comparison of 
Gram-negative and -positive bacteria on a PVDF support and MXene membranes [85]. c) Illustration of the hybrid 
AgNP-MXene membrane. d) Survival of bacterial cells exposed to PVDF, MXene and Ag@MXene membranes. Bacterial 
cell before e) and after f) Ag@MXene exposure. g) Water flux, and h) solute rejection of MXene and Ag@MXene 
membranes [86]. 

Also, the charge of ions plays a crucial role in MXene-based membranes: due to 
the strong negative charge of MXenes, multivalent cations such as Mg2+, Al3+ 
and Ca2+, have shown slower permeation rates than monovalent ones (ie. Na+, 
K+ and Li+) given that their high charges have the capacity to narrow 
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nanochannels in the MXene nanolaminates via electrostatic attraction (figure 
20c). Contrary, small-sized monovalent cations such as Na+ can expand 
nanochannels forming an electric double-layer (see figure 20d). The resulted 
provided by Han et al. [121] supported these conclusions. In their experiment, 
a MXene NLMs supported with PESf ultrafiltration membranes was used, they 
observed a 23% rejection for Mg2+ (MgCl2) while Na+ rejection remained at 
13.8% (NaCl) despite a slightly higher flux was achieved for MgCl2 solution than 
for NaCl solution, 460 and 435 L m-2 h-1 bar-1 respectively [121]. In their overall 
work, Kang et al. [94] also studied the transport of salt ions across the MXene-
GO composite membrane (figure 20e), and recorded a small ion rejection 
below 11% for both NaCl and MgCl2 under pressure-driven conditions. As well 
as in a pure GO or MXene nanolaminates, the nanochannels of hydrated 
MXene-GO hybrid membranes were too large to exclude small ions with 
hydrated diameters less than 0.5nm [122]. To overcome this issue, Sun et al. 
[123], in 2019, explored the utility of sintering temperature (60, 200, 300, 400, 
450, 500 °C) on engineering interlayer spacing of MXene (Ti3C2Tx) layers coated 
on tubular 𝛼-Al2O3 substrates. They showed interesting results, MXene 
membranes dried at 60°C had an interlayer spacing of 3.71 Å, which dropped 
to 2.68 Å at 400°C sintering. Partial oxidation of the MXene layer occurred 
when the sintering temperature was 450°C and above (in air), manifested by 
the color change of the membrane, from dark green/gray to reflective white. 
Notably, the sintering of MXenes membranes at 400°C gave the best rejection 
rates for all salts tested (Na2SO4, MgSO4, NaCl and MgCl2) [123]. What merge 
from all these studies is that the interlayers spacing of MXene nanolaminates is 
the key parameter for desalination applications. Thus, it is clear the importance 
of preventing swelling of MXene during operation. To overcome this issue Lu et 
al. [124], in 2019, proposed a strategy to develop antiswelling MXene 
membranes by temperature-induced self-crosslinking of hydroxylated Ti3C2Tx 
via H2O condensation. As results, the salt rejection performances of the 
membranes improved as the degree of crosslinking increase but at the expense 
of decrease in permeability [124]. Reducing further the thickness of such 
membranes might be promising for a wide range of applications. 
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Figure 20: MXene-based membranes developed for desalination application. a) Top-wide and b) magnified cross-
sectional views of a nanolaminate MXene (Ti3C2Tx) membrane for ion sieving. c) Permeation rates of different cations 
through MXene and GO NLM membranes. d) Water flux of Ti3C2Tx membrane for deionized water and salt solutions 
with cations of different valencies [60]. e) Time-dependent heating profiles of PDMS-modified PVDF-supported MXene 
NLMs under one sun illumination in the open-air atmosphere (inset: membranes under infrared camera). f) Water 
evaporation rates of MXene-PVDF membranes with different Ti3C2Tx loadings under one sun illumination [125]. MXene-
based hydrophilic (g,h) and hydrophobic (i,j) membranes, before (g,i) and after (h,j) 24h solar desalination. k) 
Photothermal desalination performance of MXene-based hydrophobic nanolaminate for different cations [126]. l) Flux 
decline of PVDF and PVDF-supported MXene nanolaminate membranes after 21h photothermal membrane distillation 
with a feed composition of 10 g L-1 NaCl and 200 BSA as foulant [127]. 

 
In general, 2D materials, including MXenes, offer a new eligible ways of 
supplying freshwater out of seawater thanks to their photothermal properties. 
The conversion of the sunlight (solar) energy into heat is useful for evaporating 
water, giving rise to solar distillation. 
Combine the idea of solar distillation with membrane technologies to yield 
photothermal desalination/distillation. For this purpose, Wang et al. [125] had 
made the first demonstration of MXenes Ti3C2 utility in photothermal 
desalination with an extraordinary high light-to-heat conversion efficiency. 
Wang and coworkers deposited MXenes on poly(vinylidene difluoride) (PVDF) 
supports and surface modifying with PDMS, achieving a membrane that could 
self-float on the water surface. They could achieve ≈84% conversion efficiency, 
between 60 to 150 min, using this membrane platform, under one sun 
irradiation with a pretty fast heating rate (figure 20e,f)[125]. In a successive 
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study, Que et al. [126] prepared a similar self-floating membrane by modifying 
the MXene layer deposited on PVDF with a fluorinated silane coupling agent, 
trimethoxy(1H,1H,2H,2H-per-fluorodecyl)silane. Thanks to the antiwetting 
behavior of the surface modifying agent, the resulting membrane could handle 
real seawater with organics and heavy metal, without the accumulation of salt 
crystals on top of the membrane, see figure 20g-j. Accordingly, they could 
achieve an energy conversion efficiency (solar to steam) of 71% with a high 
level of stability (>200h operation). Moreover, the hydrophobic MXene 
membrane showed a remarkable desalination performance for different 
cations, as shown in figure 20k [126]. Proceeding further, Tan et al. [127] have 
tested the feasibility of direct contact membrane distillation with MXene-
incorporated membranes. Taking up the material designs for self-floating 
membranes, Tan and coworker coated the MXene-deposited PVDF supports 
with PDMS, using these hydrophobic membranes, they reached a 
photothermal conversion of 5.8 kW/m2 in a solar-assisted membrane 
distillation. They also reported the antifouling properties of their membranes 
with feeds containing 200 ppm of bovine serum albumin and 10 g/L of NaCl, 
results reported in figure 20l [127]. Moving forward, Zha et al. [128] reported 
on antibiofouling filters for photothermal distillation prepared by dip coating 
highly porous cellulose supports with pore size of 30-50𝜇m with Ti3C2Tx.  
Comparing the Ti3C2Tx-based filters with GO-coated filters, the former showed 
superior performance for steam generation and bacterial disinfection [128]. 
 
2.5.3 – Organic Solvent Purification 
 
Due to their high solvent resistance, MXenes are promising for the purification 
of organics solvents [75,79]. MXenes are useful for obtaining highly robust 
membranes thanks to their elastic modulus at around 260-240 GPa, which is 
comparable to that of GO (≈110-420 GPa) [129]. Moreover, functionalizing the 
surfaces is possible to limit the solvent uptake and swelling of MXene-filled 
membranes for different solvents. For example, Ti3C2Tx-NH2 and Ti3C2Tx-COOR 
derivatives (of PEI- and PDMS-based membranes) have inhibited solvent 
uptake and swelling more efficiently against nonpolar solvents (e.g. toluene or 
n-heptane), while alklyl-modified derivatives (Ti3C2Tx-C6H6 and Ti3C2Tx-C12H26) 
performed better with polar solvents (eg. Isopropanol or athyl acetate) [79]. 
Thus, MXenes attracted growing attention for organic solvent nanofiltration 
(OSN) as well as pervaporation of solvent mixtures, both of which demand 
highly stable membranes under long-term exposure to organics solvents. 
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2.5.3.1 – Organic Solvent Nanofiltration (OSN) 
In later 2016, Wu et al. [75] studied the rejection to oligomeric (200-1000 Da) 
poly(ethylene glycol) (PEG)  molecules in isopropanol, preparing a PAN-
supported TFN membranes by incorporating different amounts of hydroxyl-rich 
Ti3C2Tx into PEI or PDMS matrix (figure 21a). Indifferently of the loading ratio of 
MXenes and type of polymer matrix, all membranes provided a superior 
rejection to the oligomeric molecules, as shown in figure 21b,c. Interestingly, 
PAN/PEI- Ti3C2Tx-4 (with 4 wt% MXene loading) showed ≈99.4% rejection to 
PEG-800 at 10 bar [75].  
In order to explore the role of chemical functionalization of MXenes on PEG 
rejection, Hao et al. [79] proceeded in similar way, fixing the ratio of MXene 
loading at 3 wt%, they found that different functionalities are useful for 
different solvents. As previously mentioned, the swelling or uptake behavior of 
resulting membranes is crucial for this outcome.  
Trying a different approach, Han et al. [133] prepared MMMs by incorporating 
Ti3C2Tx into a polyimide (P84) matrix via phase inversion (PI) followed by 
crosslinking with triethylenetetramine (TETA). By optimizing the filling ratio, 
Han and coworkers achieved a virtually complete rejection of gentian violet 
(named also crystal violet, 408 g/mol) at a high flux of 268 L/(m2h) under 0.1 
MPa and ambient temperature. This membrane also exhibit an excellent 
solvent resistance to DMF, acetone and methanol after crosslinking [133]. 
MXene-based NLMs are useful not only for dye removal from aqueous samples, 
as outlined before, but are also useful for rejecting dyes from organic solvents. 
Wang et al. [109] developed a nylon-supported MXene-only nanolaminate that 
achieved a rejection rate of over 96% for the organic dye molecules larger than 
>2.0 nm from isopropanol, as shown in figure 21d. Recently, Wei et al. [130] 
reported a nylon-supported GO/MXene hybrid NLM that can also reach over 
90% dye rejection rates (figure 21e). Their hybrid membranes showed a high 
stability for long-term operations, demonstrated while testing the membranes 
with different organic solvents such as acetone, methanol, ethanol and 
isopropanol [130]. 
The flux of MXene-based OSN membrane is also interesting, considering that it 
depends on the type of solvents used.  
It is known that the flux of the incompressible and Newtonian fluids passing 
through channels made up of 2D materials can be described well by Hagen-
Poiseuille law (Equation 1). The utility of Hagen-Poiseuille law for MXene-based 
membranes have been shown by Wang et al. [109] and Wu et al. [18] for NLMs, 
and by Wei et al. [130] for TFNs.  
Accordingly, the permeance values obtained in both cases were inversely 
proportional to the viscosity of the organic solvents tested. One step forward, 
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Wang et al. also showed that the permeance through nanolaminates exhibit a 
further inversely proportionate relationship to both molecular diameter and 
solubility of the organic solvents [109]. So far, this suggest that the geometry as 
well as physicochemical nature of the nanochannels formed in MXene-based 
NLMs directly influence the permeation behavior of solvents during OSN 
process. 
 
 

 
Figure 21: MXene-based membranes developed for solvent purification applications. a) Schematic of the preparation of 
MXene-filled TFN membranes prepared by using PAN as support and PEI or PDMS as the selective layer matrix [79]. 
b,c) PEG rejection performances of PAN/PEI-MXene (b) and PAN/PDMS-MXene (c) membranes from isopropyl alcohol 
[75]. d) Removal of different dyes from isopropanol using nylon-supported MXene nanolaminates [109]. e) Removal of 
various dyes from methanol and ethanol using GO/MXene nanolaminates (with 70 wt% MXene) [130]. f,g) Dehydration 
of ethanol (10 wt% water) (f) and ethyl acetate (2 wt% water) (g) using chitosan-MXene MMMs [96]. h) Performance 
comparison of PAN/PEI-MXene TFN membrane for the dehydration of isopropanol (90 wt% water) [131]. i) Long-term 
dehydration of ethanol (95 wt%) using MXene nanolaminates at room temperature [132]. 

 
 
2.5.3.2 – Solvent Dehydration by Pervaporation 
In addition to OSN, MXene-based membranes have been effectively employed 
for the pervaporation-based dehydration of various solvents by different 



51 

research [96, 131,132]. Analogous to OSN membranes, organic solvent 
pervaporation membranes have to be stable under long-term exposure to 
organic solvents. Thus, Xu et al. [96] have prepared a stable MMM composed 
of chitosan and 1-5 wt% Ti3C2Tx. For ethanol dehydration, chitosan-MXene 
MMM with 3 wt% loading remarkably exhibited high improvement in both flux 
and separation factor by almost 25% and 250% respectively, as shown in figure 
6f. Xu and coworkers also tested the role of operation temperature for 
dehydration of ethyl acetate, as it known, higher temperatures increase the 
swelling and hence the free volume of such membranes, causing high flux at 
the expense of lowered selectivity, and they found 50°C as an optimum value 
(figure 21g)[96].  
Recently, in 2019, Liu et al. [131] developed a PAN-supported TFN membrane 
by incorporating MXenes into hyperbranched PEI based on a membrane design 
approach similar to two earlier studies [75,79]. In the next section we further 
investigate these studies. Liu et al., with their highly uniform PAN/PEI-Ti2CTx 
membranes, could reduce the water content in the isopropanol/water mixture 
from 10 to <1 wt% with a flux, at 50°C, that overcome values available in 
literature for various tipes of membranes, as it shown in figure 21h. 
Interestingly, they found that Ti3C2Tx exhibit poorer results in terms of 
selectivity, which might be due to their lower hydrophilicity or higher layer 
thickness [131]. 
In another recent work, Wu et al. [132] tested the utility of nylon-supported 
Ti3C2Tx membranes for the dehydration of alcohols. They used 2𝜇m thick 
MXene membranes and reported not very high fluxes or separation factors, as 
clearly show in figure 21i. Anyway, their membrane exhibit quite an appealing 
performance at room temperature compared to 50°C, with more than 30% 
higher separation factor at only nearly 10% lower flux. Furthermore, Wu et al. 
observe small fluctuations of both flux and selectivity for long-term operation, 
meaning high stability and low deterioration of the membrane (figure 21i) 
[132]. 
 
 
2.6 – FUTURE DIRECTIONS 
 
The studies on MXene-based membranes are growing rapidly particularly in 
2019 and 2020. Besides that, most of these works are focused on applications 
that can also be met by graphene materials or other 2D materials. Moreover, 
the majority of published studies are on NLMs prepared by vacuum-filtration of 
MXene only. Thus, it would be more effective to conduct research in the 
following directions:  
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1- Focusing on applications that MXenes can offer more than other 2D 
materials; 

2- Exploring MXene-polymer composites deeply by visiting more 
established and scalable methodologies used in designing polymer-based 
membranes. 

Last but not least, simulation and modeling techniques might help identify 
areas and membrane designs in which MXenes might show superior 
performance [182]. 
 
2.6.1 – Rising Membrane Operations 
 
2.6.1.1 – Electroresponsive Membranes 

Preceding studies on various material systems have shown that 
electroresponsive membranes are promising for water treatment applications 
[134-136]. MXenes are promising for designing electroresponsive membranes, 
thanks to the outstanding electrical, electrochemical and mechanical 
characteristics. In 2018, Ren et al. [84] in a pioneering study, have reported the 
utility of MXenes for fabricating electroresponsive membranes. Ren and 
coworker, first deposited MXene-based NLMs (Ti3C2Tx) on PVDF supports with 
vacuum-assisted filtration. Then, they tuned the interlayer spacing as well as 
surface charge of the MXene nanolaminates by modulating the external 
voltage applied, for improved rejection towards metal ions and a charged 
organic dye (figure 22a). Ren et al. showed that under an osmotically driven 
condition, ie. concentration gradient, a negative potential of -0.6 V restrains 
the permeation of both monovalent (Na+, NaCl) and divalent (Mg2+, MgCl2) 
cations through the MXene membranes. Moreover, a positive potential of +0.4 
V increases the permeation rates of ions. Furthermore, under vacuum, they 
could improve the rejection of a positively charged dye, methylene blue, by 
applying a negative potential to MXene membrane, as shown in figure 22b. In 
addition, Ren and coworkers have also demonstrated that larger MXenes 
flakes, prepared via less intense exfoliation method, provide better electrical 
conductivity and mechanical stability, leading an improved performance for 
solute rejection [84].  
As further studies, it would be interesting to address the deterioration of the 
electroresponsive performance of such MXene-based NLMs upon repeated 
cycles of use. Thus, in necessary to understand deeply the key role of 
electrochemical reactions taking place during such operations. In fact, there is a 
growing interest to better control the electrochemical behavior of MXene to 
exploit the as electrocatalyst for a wide range of applications [33,137,138]. 
Providing a better understanding of the interactions between ions and MXenes 
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on top of this will broaden the horizons of MXene-based membranes for 
application areas beyond separations [182]. Among those application areas, 
interesting ones can be membrane capacitive deionization [139], light-
controlled nanofluidics [140], osmotic energy harvesting [141], membrane fuel 
cells [142-145] and lithium-sulfur batteries [146-148] just to name a few.  
Consequentially, the progress to be made in these areas might help accelerate 
the development of MXene-based membranes for separation application. 
Therefore, a suggestion to researcher in these fields is to consider these 
applications enabled by MXenes and other 2D materials, with a more holistic 
approach through the lens of nanoionics [149]. 
 

 
Figure 22: a) Schematic illustration showing a U-shaped device, where a PVDF-supported MXene membrane was placed 
in the center as a working electrode with an annular Ti foil as a current collector (CC); CE and RE stand for counter 
electrode and reference electrode, respectively. b) Salt transport through the MXene membrane can be modulated as 
exemplified by the ability to control the permeation of cations by tuning the applied voltage [84]. 

 
2.6.1.2 – Reactive Membranes  
Nanomaterial-enabled reactive membranes provide promising prospect of 
wastewater treatment based on the in-situ removal of organic or ionic 
contaminants, via reductive and/or oxidative reactions [150-152]. Contrary to 
the inert ones, the reactive membranes might help avoid the need for 
additional steps of separation processes or the consumption of expensive 
chemicals. A key feature is that the catalytic performance of the nanomaterials 
should be high and durable. Pandey et al. [153] have demonstrated, in 2018, 
high performance reactive membranes capable of converting carcinogenic 
bromate (BrO3

-) ions into less toxic bromide (Br-) ions, without the use of an 
additional catalyst or energy input. They have achieved an incredible reduction 
capacity of 321.8 mg BrO3

- per gram of Ti3C2Tx with a virtually complete 
reduction at pH 7. They observed that in presence of co-ions such as SO4

2-, NO3
-

, and PO4
3-, the conversion rate showed a minor drop to 92% only. On the other 

hand, one drawback of this system was the partial oxidation of MXenes, which 
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limits its reusability as a reactive membrane. Thus, it is essential to enhance the 
stability of MXenes for long-term performance [153]. As another future 
direction, can be wise to target applications beyond the detoxification of 
bromate. In a previously important study, Ying et al. [154] showed that Ti3C2Tx 
nanosheets exhibit a unique reductive removal performance for the conversion 
of toxic chromium(IV) ions (Cr4+) into less toxic chromium(III) (Cr3+) ions. 
Afterwards, the Cr3+ ions, at pH 5, were easily removed without any further 
treatment to reach the drinking water standard [154]. More recently, in 2019, 
Xie et al. [72] have demonstrated the feasibility of such an approach by 
removing chromate (HCrO4-, the dominant form od chromium(IV) at neutral 
pH) using hybrid NLM composed of GO and Ti3C2Tx nanosheets. In another 
study, Liu et al. [155] have used a MXene-based catalyst, containing 20% cobalt 
oxide, Co3O4) that demonstrated a surprising performance for the degradation 
of bisphenol A, an endocrine-disruptive compound. These results, open a field 
of research in which MXene-based membranes are worth investigating for the 
detoxification of a wide range of contaminants. In fact, as demonstrated for 
energy applications, MXenes and their hybrids are effective and versatile 
electrocatalyst, often with extraordinary performance [156,157]. In this 
prospect, it should be interesting to investigate the potential of MXenes for 
building electroreactive membranes, as well. 
 
2.6.2 – Unexplored Membrane Formats 
Neither PI (phase inversion), nor IP (interfacial polymerization) has yet to be 
widely for developing MXene-based membranes so far. To encourage the 
exploration of PI and IP for MXene-based membrane research we can start 
from the knowledge learnt from graphene-based membranes, providing also a 
brief perspective on the potential utility of layer-by-layer (LbL) assembly for 
producing MXene-based membranes. 
 
2.6.2.1 – Phase Inversion 
As already mentioned in section 2.3, polymer-MXene composites prepared 
either as MMMs or TFNs are more promising for realistic applications. For both 
preparation PI is a crucial method. Nevertheless, there are only very few 
studies on this topic, recently in 2019, Han et al. [133] reported the utility of PI 
for preparation of MXene-polymer composite membranes (PA-based MMM). In 
their application-driven study, Han and coworkers, briefly discussed the 
advantages of using PI. Thus, there is more room for advanced research on this 
topic, as well as the impact of MXenes on PI process itself. During phase 
inversion, the MXenes (as other nanofillers) inevitably influence the phase 
separation behavior and hence packing of polymer chains. It had been 
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previously shown that hydrophilic additives could facilitate the demixing 
process, where a solvent and coagulant counter-diffuse in the polymer-solvent-
coagulant tertiary systems [158,159]. During the PI of graphene-polymer 
systems, the polymer chains solidify fast with limited rearrangement capacity, 
resulting in membranes having a high surface pore density and size as well as 
overall porosity [158, 160]. So far, given their high hydrophilicity and topogical 
similarity to graphene, MXenes should expect to exhibit high capacity to 
develop highly permeable membranes with a wide range of polymers. 
Interestingly, should keep in mind that, upon phase separation, MXenes will 
naturally be exposed to the membrane surface, which might be an interesting 
way to develop antibiofouling membranes, as already mentioned the 
antibiofouling properties of MXenes in section 2.5.2.1. On the other hand, the 
concentration of MXenes should be precisely tuned in such systems, since the 
phase separation process is dictated by not only the thermodynamic but also 
rheological factors [161]. Should be noticed that excessive use of MXenes, like 
other nanofillers, could also delay demixing, resulting in the densification of 
membrane structures due to increase in viscosity of the polymer dope 
solutions. Hence, it is important to balance these parameters to make full use 
of MXenes in the design of PI-based MMMs [182]. 
 
2.6.2.2 – Interfacial Polymerization  
IP refers to the reaction of two very reactive monomers, usually acid chloride 
and an amine, at the interface of two immiscible solvents to form a dense 
polymeric layer, usually polyamide-based [105]. PA-based TFC membranes 
prepared via IP are of particular interest for a wide range of industrial 
separation processes. The goal is to fabricate IP-based PA membranes with 
reduced surface roughness, increased hydrophilicity, antifouling properties and 
enhanced chorine resistance. In graphene counterparts, the incorporation of 
GO into PA membranes during IP has shown good results in all these four 
interrelated aspects [162]. GO nanosheets are providing smoother PA layers 
likely by retarding the diffusion of aqueous monomers into the organic phase, 
thus MXenes can exhibit a similar effect with their 2D morphology [163,163]. 
However, MXenes should also be useful in preventing chloride ions from 
replacing amidic hydrogen and interrupt chlorination, thanks to the capacity of 
MXenes to form strong hydrogen bonds [95]. Moreover, as previously 
discussed in section 2.2, MXenes are also antibacterial and hydrophilic like GO, 
which is useful for biofouling control. Hence, MXenes can offer a good 
potential for designing IP-based membranes: by crosslinking MXene-
incorporated PEI (hyperbranched PEI) with TMC (in n-hexane), Liu et al. [133], 
in 2019, and previously other research group [75,79], had created PA-based 
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selective layers on various support membranes. From a chemical point of view, 
this is a straightforward method of IP for fabricating TFN membranes. On the 
other hand, the designing of IP-based TFN membranes, starting by monomers, 
needs more precisely optimization of several parameters, like the choice of 
monomers and their concentrations, filler loading ratio and crosslinking 
reaction time [182]. 
 
2.6.2.3 – Layer-by-Layer Assembly   
Even if is less emphasized than PI and IP, layer by layer assembly appears to be 
a refined way of designing membranes. In the last years, various compositions 
of LbL-assembled films demonstrated promising performance as separation 
membranes, as well as barrier [164]. LbL-based separation membranes usually 
consist of polymeric building blocks, but also the nanosheet-based or 
nanosheets incorporated LbL membrane designs, which combine the 
advantages of LbL material design and 2D materials, are also trending, 
especially for graphene-based LbL membranes [165,166]. Also MXene-
incorporated LbL films have been prepared so far, for applications such as 
electromagnetic interference shielding and supercapacitive energy storage 
[167,168]. Hence, MXene-based LbL membranes for separation/purification 
applications could be developed in future. Besides, it should keep in mind that 
the LbL technique can be performed in different fashions like dipping, spinning, 
spraying or a combination of those, and the properties of the resulting films 
usually differ drastically. Straightforward, by playing with the deposition 
conditions, the properties of such films can be precisely tuned at a molecular 
level. Thanks to these features, LbL method can be promising for designing 
advanced separation membranes using MXenes [182]. 
 
2.6.3 – Simulation and Modelling Approaches 
Since flat materials toolbox is expanding very rapidly, experimentalist have 
difficulties in matching the right material for the right applications, which also 
applied to MXenes. So far, computer-aided materials design holds a huge 
promise for boosting the research outcome. For both MXenes and their 
parents materials, MAX phases, computational/theoretical investigations 
reveal fine details of structure-property relationship that are often inaccessible 
or hard to study experimentally. At this point, the majority of the 
computational studies are based on ab initio calculations using density 
functional theory (DFT) [21,169,170,171].  
In the fundamental domain, those calculations covered mechanical, structural, 
magnetic, electrical and electrochemical properties, as well as the nature of 
chemical bonding and relative stability of MXenes, as already mentioned in 
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part 1 of this thesis [21,169,170]. However, on the applications side, the main 
focus was on energy storage [169,171]. Even though, as already discussed in 
section 2.2, the electrical and electrochemical behavior of certain MXenes, ie. 
Ti3C2Tx, is also very interesting for membrane applications. In this regard is 
useful to summarize some key points of those investigations first, followed by a 
couple of pioneering modeling/simulation studies directly focused on MXene-
based separation membranes. Tang et al. [169] investigated the electronic 
properties of MXene Ti3C2 monolayers with pristine, hydroxylated and 
fluorinated surfaces, they revealed clear changes in narrow band-gap 
semiconducting or metallic characteristics. Earlier, Kurtoglu et al. [21] have 
exposed the high metallicity and stiffness of a wide range of MXenes, like Ta2C, 
Ta3C2, Ta4C3, Cr2C, Zr2C, V2C, Ti2C, Ti3C2 and Ti4C3. Inside this context, Anasori et 
al. [170] have investigated MXenes containing two different transition metal 
(ie. Ta, Cr, Ti, Nb, Mo or V). These double-transition-metal MXenes were 
present in the form of M2’M’’C2 and M2’M2’’C3 (as shown in figure 8a), where 
M’ and M’’ are the outer and inner layer metals, respectively. This study has 
revealed the uniquely different electrochemical behavior of Mo2TiC2 compared 
to Ti3C2Tx. Going forward, Anasori and coworkers, have supported their 
evaluations with experimental results, as well. More recently, Berdiyorov et al. 
[171] have employed DFT simulations for exploring the water desalination 
potential of MXenes.  
In this study, Berdiyorov et al. studied ionic transport through Ti3C2(OH)2 to 
understand mechanism behind charge-selectivity. They also showed that 
depending on the charge of intercalating ions, the spacing between the MXene 
layers expand or contracts dynamically, which also alters the ionic transport 
behavior. As consequence, for improving membrane design, the author 
suggested the possibility that the performance of MXene-based ion sieving 
membranes could be improved by manipulating the surface terminations, 
which in turn, alter the surface charges [171]. 
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Figure 23: Simulation-aided materials design in MXenes. a) Double-transition-metal M2'M''C2 and M2'M2''C3 MXenes 
[170]. b) Atomistic configuration of the Ti2C MXene under strain [172]. c) Diffusion selectivity of H2 with respect to CH4 
(blue), CO2 (purple) and N2 (green) for anhydrous MXene and hydrous MXene membranes [173]. 

 
The classical molecular simulation strategies like molecular dynamics (MD) 
remained relatively less explored for MXenes. In 2015, Borysiuk et al. [172] 
studied the mechanical properties of Tin+1Cn under tensile loading using large-
scale classical molecular dynamics simulations (figure 23b). The calculated 
strain-stress curves showed a linear trend at a small strain (≤ 1%) and the 
resulting Young’s moduli were close to the data obtained by DFT simulations in 
previous study [21]. More recently, Li et al. [173] reported on the selective 
diffusion of small gas molecules (He, H2, CO2, N2 and CH4) passing through two 
adjacent MXenes, the results showed that the intercalated water molecules 
may increase the selectivity toward H2 considerably, as clearly shown in figure 
23c. On the other hand, when water intercalation exceeded a certain 
concentration, the diffusion of large gas molecules dropped dramatically [173]. 
It should be possible in the future to understand deeply the transport 
mechanism of MXene-based membranes thanks to simulation/computational 
study. 
To this aim, in 2020, Shamsabadi et al. [114] and Wu et al. [21] contribute to 
this direction on gas and liquid separations, respectively. In fact, using MD 
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simulations, Shamsabadi and coworkers revealed the crucial role of interfacial 
interactions between PA blocks of Pebax 1657 and Ti3C2Tx for achieving high 
CO2 permeability of resulting MMMs. In addition, MD simulations also showed 
great utility for confirming and explaining the solvent transport in neat as well 
as chemically modified MXenes (ie. Ti3C2Tx, Ti3C2Tx-NH2 and Ti3C2Tx-C12H25) 
[114,21]. 
Proceeding further, molecular dynamics simulations might also be helpful for 
evaluating the potential of porous MXenes for membrane fabrications. MXenes 
are intrinsically layered nanosheets, even in the thinnest form: a monolayer of 
M2X MXene, for example, has a quasi-trilayered structure. This feature results 
in possible point surface defects that might occur in MXene nanosheets during 
etching and exfoliation, leading to not always in-plane porosity, which, for 
example in not the case of truly monolayered GO. However, porous MXenes 
are achievable and already successfully exploited for different applications 
[174,175], as mentioned in part 1 of this thesis. Therefore, to better 
understand the transport behavior of MXene-based membranes and possibly 
developing superior membranes that utilize porous MXenes, MD simulations 
can be a crucial element for further explorations. 
 
2.6.4 – Scale-Up Potential 
Leaving their performance merits aside, MXenes and thus MXene-based 
membranes, are in their infancy for securely foreseeing their commercialization 
potential. Even most MAX phases are far from being commercially available at 
an affordable price at the moment, as already discussed in part 1, however 
there are significant efforts for producing common MAX phases in bulk 
quantities [176,177]. Nevertheless, the scalable production of MXenes is even 
more challenging as there are safety issues associated with fluorine-based 
etching chemistries [17]. One possible safer solution to this problem could be 
the use of strong bases, ie. sodium hydroxide or tetrabutylammonium 
hydroxide, as etchants and so potentially easier to scale [178,179]. In any case, 
the yield and/or product quality of non-fluorinated-based method need further 
improvement. On the other hand, alternative etching processes inevitably 
provide MXene products with significantly different surface chemical 
compositions. From the point of view of membrane design, this might be an 
opportunity to engineer the properties of membranes. However, it is important 
to investigate scalable techniques for the processing of MXene into 
membranes. Industrially acceptable methods, such as blade-casting variations, 
are likely among the first options for NLMs and MMMs [114,180]. 
Nevertheless, it still be a challenge to prepare large-scale freestanding MXene 
membranes, but there are already examples of small-scale freestanding MXene 
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membranes prepared by vacuum filtration [89,181]. Now, the most realistic 
and potentially more scalable choice are the composite membranes. Noting 
that, as discussed previously in section 2.6.2, phase inversion (PI) and 
interfacial polymerization (IP) methods are also worth a closer look within this 
context. 
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PART 3 – CONCLUSIONS 
 
MXenes is an emerging material for the design of high-performance 
membranes for gas separation, solvent purification and water purification. 
Between these three broad areas of separation/purification applications, gas 
separation is quite less studied. Anyhow, MXenes still promising for designing 
gas separation membranes that operate at high temperature. Differently, 
MXenes have shown more results and success for solvent purification, as 
NLMs, as well as fillers of polymer-based composite membranes. Moreover, 
thanks to their unique properties, MXenes offer a multitude of opportunities 
for water purification application, exploiting their antibacterial, photothermal 
and catalytic activities [182]. 
It should be notice that the major of the studies reported so far dealt with 
different material systems, experimental conditions and separation tasks. 
Hence, there is still large room for confirming and improving results obtained 
for MXene-based membranes so far. In addition, except for a couple of studies 
that provide the comparison between MXenes and graphene-based materials, 
most of research focused on MXenes alone without benchmarking against 
other materials under identical conditions. Consequently, it is hard to compare 
the performance of MXenes with respect to other 2D materials without 
supposing too many assumptions. Thus, is not so clear if MXenes are superior 
to other 2D materials or not for many application areas. Further comparative 
studies are needed in the future to answer correctly to this question. In this 
regard, in Table 1, are reported studies on membrane applications of non-
MXene 2D materials, including graphene-based materials and exfoliated g-C3N4 
(graphitic carbon nitride), h-BN (hexagonal boron nitride), TMDs (transition 
metal dichalcogenide), MOFs (metal organic frameworks) and COFs (covalent 
organic frameworks). 
 

Membrane 
materials 

Membrane 
format 

Separation 
applications 

Critical remarks and 
selected indicators of 
membrane performance 

Ref 

GO in ODPA-
TMPDA 

MMM 
(solvent-
casting) 

Gas separation 
(CO2/CH4) 

• fillers improved CO2/CH4 
selectivity at <10 wt% filling ratio  

• fillers improved the mechanical 
strength of resulting MMM  

[C1] 

GO, on PEI-
modified 
hollow fiber 
PAI 

NLM (dip-
coating) 

Water 
desalination 

• GO layer improved salt rejection 
(NaCl and MgCl2)  

• GO layer reduced overall water 
permeability  

[C2] 
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GO in PA, on 
PSf 

TFN (IP) Water 
desalination 

• interlayer spacings of nanosheets 
serve as channels for water 
transport (as suggested by an 
increase in overall flux)  

• salt rejection (NaCl and Na2SO4) 
dropped marginally  

[C3] 

rGO, on nylon NLM (vacuum 
filtration) 

OSN • hyperbranched PEI improved dye 
rejection 
• membrane survived 
basic/acidic/and oxidative 
environments 

[C4] 

h-BN, on PVDF MMM 
(solvent-cast) 

Gas separation 
(CO2/CH4) 

• permeability increased with the 
increased loading of h-BN  

• mechanical stability increased 
with the loading of h-BN 

[C5] 

h-BN, on PES TFN (IP) OSN & water 
treatment 

• 0.05 wt% h-BN provided 4-fold 
improvement in water flux  

• addition of h-BN decreased dye 
rejection by 10% 

[C6] 

Modified-h-BN 
in PPA on PES 

TFN (IP) OSN & water 
treatment 

• pure water flux increased by 59% 
with h-BN addition  

• addition of modified-h-BN 
lowered organic matter rejection  

[C7] 

g-C3N4 in PIM-
1 

MMM 
(solvent-
casting) 

Gas separation 
(various pairs) 

• selectivity enhancement was 
higher than permeability 
enhancement  

• fillers improved the overall 
mechanical performance  

[C8] 

g-C3N4, on AAO NLM (vacuum-
filtration) 

Water 
treatment 

• artificial nanopores in g-C3N4 
contributed to fast transport  

• an inverse linear relationship 
observed between film thickness 
(70 to 190 nm) and dye rejection 
(90 to 63 %)  

[C9] 

g-C3N4 in 
sodium 
alginate 

MMM (spin-
coating) 

Pervaporation 
(ethanol 
dehydration) 

• permeation flux and separation 
factors improved with the increase 
in loading up to 3 wt%  

• PDA-modified g-C3N4 blocked 
water transport effectively  

[C10] 

TMD (MoS2 
intercalated 
with Li+ ions), 
on AAO 

NLM (vacuum-
filtration) 

Gas separation 
(H2/CO2) 

• high permeability to small gas 
molecules (He, H2) 

[C11] 
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• low permeability to large gas 
molecules (CO2, O2, N2, CH4) • 
H2/CO2 selectivity is closed to 
Knudsen selectivity 
 

• membranes were thermally 
stable up to 160 °C  

TMD (MoS2), 
in polyamide, 
on PFs 

TFN (IP) Water 
desalination 

• improvements observed in both 
salt rejection and water flux  

• nanosheets reduced membrane 
fouling (BSA) 

 
• nanosheet loss observed during 
operation until the compaction of 
the selective layer 

[C12] 

TMD (MoS2), 
on PFs 

NLM 
(pressure-
filtration) 

Water 
treatment 

• hydrated TMDs enables high 
water permeability 

 
• completely dried TMDs yields low 
permeability by a severe reduction 
of interlayer spacings (restacking 
process)  

[C13] 

TMD (MoS2), 
on PFs 

NLM 
(pressure-
filtration) 

OSN • drying processes affected 
membrane stability substantially  

• stable membranes afforded long-
term (7 days) operation for dye 
removal (from isopropanol) 

[C14] 

MOF (CuBDC) 
in 6FDA-DAM 
& PIM-1 

MMM 
(solvent-
casting) 

Gas separation 
(CO2/CH4) 

• low filler loading (<5 wt%) 
improved performance  

• high filler loading sacrifices CO2 
permeability severely  

[C15] 

MOF (CuBDC) 
in PIM-1, on 
AAO 

TFN (spin-
coating) 

Gas separation 
(CO2/CH4) 

• selectivity improved as compared 
to the neat polymer  

• high filler loading decreases gas 
permeabilities substantially  

[C16] 

MOF 
(Zn2(bim)4), on 
𝛼-Al2O3 

NLM (hot-
drop-coating) 

Gas separation 
(H2/CO2) 

• highest H2/CO2 selectivity (261) 
was achieved when the substrate 
was preheated at 120 °C  

• Zn2(bim)4 nanosheets possess 
low accessible surface area  

[C17] 
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COF (COF-1), 
on 𝛼-Al2O3 
substrate 

NLM (drop-
coating) 

Gas separation 
(H2/N2) 

• Gas permeance decreased with 
increasing temperature 

 
• H2/N2 selectivity observed to be 
close to Knudsen selectivity  

• membrane porosity decreased 
when COF-1 is exfoliated  

[C18] 

COF (NUS-2 
and NUS-3) in 
Ultem or PBI 

MMM 
(solvent-
casting) 

Gas separation 
(H2/CO2 & 
H2/CH4) 

• a high level of non-ideality 
observed at a low filling ratio 

 
• 20 wt% filling ratio surpassed the 
upper bound for H2/CO2  

• polymer choice influenced 
H2/CO2 separation performance 
(Ultem-based MMMs remained 
below Knudsen selectivity)  

[C19] 

COF (COF 9), 
on AAO 

NLM (vacuum-
filtration) 

Water 
treatment 

• nanopores of COF 9 help 
retaining high water flux at high 
transmembrane pressure (when 
the membrane is fouled)  

• inner-wall carboxyl groups (of 
COF 9) aided cation transport  

[C20] 

 
 
An uncleared question regard to the oxidation issue of MXenes, and if this will 
limit the prospects of MXenes considerably [182]. 
Another aspect to consider is that the current literature on MXene-based 
membranes is clearly dominated by nanolaminates prepared via filtration-
assisted film deposition methods, and the quasi-total article on experimental 
MXenes talk about titanium carbide only, and most of this are on Ti3C2Tx as 
clearly seen in table 2, which summarize the works reported in this thesis, with 
type of MXene used, application area and type of membrane. Clearly, more 
work in the recent future should be done to explore new type of MXene and 
not only titanium carbide family, but also nitride carbide ones with different 
type of membrane with a particular attention to mixed composite membrane. 
 
 
 
 
 



65 

 
 

MXene / 
applicatio
n 

Type of 
membrane 

Performance 
parameters / 
Major data 

Key finding Pub. 
Date
/ Ref 

Ti3C2Tx / Gas 
separation 
(He, H2, CO2, 
O2, N2, CH4, 
C3H6, C3H8) 

NLM (vacuum-
filtration) on 

AAO disc 

Selectivity 
- H2/CO2 ~238,4 
- H2/He ~1,10 
- He/CO2~216,4 
- CO2/N2 ~0,49 

- High selectivity for 
small/large gas pairs. 

- H2/CO2 results 
overcome the 2008 

Robeson upper bound. 
- Suppression of CO2 

permeation 

2018 
[89] 

Ti3C2Tx-
borate and 
PEI 
intercalated 
/ Gas 
separation 
(H2, CO2, N2, 
CH4, C3H8) 

NLM (vacuum-
filtration) on 
Dopamine-

modified AAO 
disc 

- 43% increase in 
equilibrium CO2 
absorption of 
borate/PEI MXene 
- 13% increase for 
borate-modified MXene 
(wrt pristine MXene) 

- Increase CO2/CH4/N2 
permeation (increase 

interlayer spacing) 
- Result overcome MOF-

based membranes 
- Relative humidity affect 

performance badly 

 2018 
[70] 

Ti3C2Tx / Gas 
separation 
(H2, N2) @ 
high temp. 

NLM (vacuum-
filtration) on 

AAO disc 

- high selectivity of ~41 
for H2/N2 at 320°C 
- no degradation up to 
200h operation  

- High selectivity for H2/N2 
at high T 

- Long time stability 
membrane 

- Relevant for industrial 
purpose on H2 separation 

process 

 2019 
[113] 

Ti3C2Tx / 
PAN-based 
filter for 
PM2.5 filter 

Composite 
MXene 

0.005/0.080 
wt% with PAN 
electrospinned 

- removal rate of PM2.5 
of ~44𝜇𝑔	𝑐𝑚%&	ℎ%' (vs 
4.2) 
- filtering capacity > 2 
times 
- inhibition of Gram-
positive (Staphylococcus 
aureus) bacteria species 

- superior removal 
performance of PM2.5 in 
terms of rate and filtering 

capacity 
- inhibition of bacterial 

growth 

 2019 
[87] 

Ti3C2Tx / Gas 
separation 
(CO2, N2) @ 
low/mid 
temp. 

MMM PEBA 
(spin-coating) 
on flat-sheet 

PAN 

- CO2/N2 selectivity of 
~72.5 
- CO2 permeance of 
~21,6 GPU 
- Good stability over 
120h 

- low filler loading of 0.15 
wt% 

- high selectivity on 
CO2/N2 

- high permeance of CO2 
- good stability in time 

 2019 
[73] 

Ti3C2Tx / Gas 
separation 
(H2, CO2 N2, 
CH4) 

TFN and 
MMM PEBAX-

1657 (rod-
coating) on 
flat-sheet 

PTMSP-PVDF 

- CO2/N2 selectivity 
above 100 
- CO2 permeability over 
100 barrer 
- stable for over 6 
months in polymer 
matrix 

- high permeability and 
selectivity and stability, 

overcoming 2008 
Robeson upper bound for 

CO2/N2 
- for CO2 capture 

application 

 2019 
[114] 
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Ti3C2Tx / 
Water 
purification 
(desalination
, dye 
removal) 

NLM (vacuum-
filtration) 

1,5𝜇𝑚 thick 
on flat-sheet 

PVDF 

- water flux ~6 times 
higher than GO (37.4 vs 
6.5 L m-2h-1) 
- average size of 
nanochannels ~ 0.64 
nm particles with 
hydration radius smaller 
will permeate 
- slower permeation for 
cations, proportional to 
their charges due to the 
strong negative charges 
of MXene surface  

- compared water and 
cations transport of 

MXene and GO NLMs 
- small-sized monovalent 

cations can expand 
nanochannels forming an 

EDL 
- multivalent cations due 
to their higher charges 

have the capacity to 
narrow the nanochannels 

via electrostatic 
attraction 

2015 
[60] 

Ti3C2Tx-
Fe(OH)3 
intercalated 
/ Water 
purification 
(dye and 
nanoparticle 
removal) 

NLM (vacuum-
filtration) on 

AAO disc with 
MXene lateral 
size of ≈100-

400 nm 

- water permeability > 
1000 L m-2h-1  
- rejection efficiency > 
90% for organic 
molecules with sizes > 
2.5 nm 

- outstanding water 
permeability and high 

removal rate for 
compounds larger than 

2.5nm 
- larger interlayer spacing 

thanks to Fe(OH)3 NPs 
intercalated and removed 

after 

2017 
[71] 

Ti3C2 / Water 
purification 
(desalination 
by 
phototherma
l membrane 
distillation) 

PDMS-coated 
NLM (vacuum-
filtration) on 

flat-sheet 
PVDF 

- achieve ≈84% 
conversion efficiency 
between 60 and 150 
min, under 1 sun 
irradiation 

- self-floating membrane 
with extraordinary high 
light-to-heat conversion 

efficiency with fast 
heating rate  

2017 
[125] 

Ti3C2Tx / 
Water 
purification 
(dye 
removal) 

NLM (vacuum-
filtration) on 

flat-sheet PESf 
substrate 

- water flux~405 L m-2h-

1 
- 92% dye removal C. 
Red 
- 80% dye removal 
Gentian Violet 
- 23% rejection for Mg2+ 
- 13.8% rejection for Na+ 

- owing to the MXene 
composite loose lamellar 
structure, the composite 
membrane could exhibit 
effective permselectivity 
in the separation of dyes 

from salts 

 2017 
[121] 

Ti3C2Tx-GO 
(10-30 wt%) 
hybrid / 
Water 
purification 
(desalination
, dye 
removal) 

NLM (vacuum-
filtration) on 

flat-sheet 
cellulose 

acetate and 
Nylon, AAO 

disc 

- water flux ~ 25 Lm-2h-1 
- high rejection rates for 
charged dye molecules 
with hydrated radius 
>0.5 nm  
 

- high rejection rates for 
smaller charged 

molecules and dyes with 
radius > 0.5 nm 

- provide size exclusion 
effect plus electrostatic 

repulsion  

 2017 
[94] 

Ti3C2Tx (1.0 
wt%)-TiO2 / 
Water 
purification 
(dextran 
removal) 

Inorganic 
composite 

TiO2 (matrix) 
on AAO disc 

and 4-channel 
𝛼-Al2O3 tubes 

- calcinating at 400°C to 
develop a durable 
membrane 
- superior dextran 
rejection > 95% 

- a crack-free TiO2-MXene 
layer was well created on 

microporous disks by a 
single cycle of coating, 
drying and calcination, 

which could simplify the 

2018 
[92] 
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(100nm) (spin-
coating, dip-

coating) 

(molecular weight > 30 
kDa) 
- water flux 90 L m-2h-1 

process decreasing the 
cost of membrane 

fabrication 
Ti3C2Tx-Ag 
NPs / Water 
purification 
(dye 
removal, 
organic 
matter) 

Composite 
NLM of MXene 

and Ag 
nanoparticles 

(21%) on 
Polyvinylidene 

difluoride 

- dye removal ~79,9% 
(Rhodamine B), ~92,3% 
(methyl green) 
- organic dye removal 
>99% (bovine serum 
albumin) 
- bacteria inhibition 
>99.9% (E. coli) 
- water flux ~ 420 Lm-

2h-1 

- Ultrahigh flux and 
fouling-resistance 

antibacterial membrane 
- 99% of E. coli growth 

inhibition (vs 60% 
without Ag NPs) 

- Ag NPs improved also 
water flux  

 2018 
[86] 

Water 
purification 
(desalination 
by 
phototherma
l membrane 
distillation) 

Surface-
modified 

(fluorinated 
silane) NLM 

(vacuum-
filtration) on 

flat-sheet 
PVDF  

- conversion efficiency 
≈ 71%  
- high level of stability 
with > 200h operation 
- coupling agent: 
trimethoxy(1H,1H,2H,2
H-per-fluorodecyl)silane 

- antiwetting self-floating 
membrane that could 

handle real seawater with 
heavy metals and organic 

with high stability 
- remarkable desalination 
performance for different 

cations 

 2018 
[126] 

Ti3C2Tx-TiO2 / 
Water 
purification 
(dextran 
removal) 

Inorganic 
composite 

TiO2 (matrix) 
on 4-channel 
𝛼-Al2O3 tubes 
(300nm) dip-

coating 

- water permeance 100-
140 L m-2h-1 

- dextran removal >90% 
(molecular weight >20 
kDa 

- dextran molecules find 
ideal pathways 

(longitudinal-lateral 
transport nano-channel) 
between TiO2 NPs and 

MXene 
- they could manipulate 
molecular cut-off and 

pore size of TiO2-MXene 
playing on duration and 

temp. of calcination 
process  

2018 
[117] 

Ti3C2Tx / 
Water 
purification 
(desalination 
by 
phototherma
l membrane 
distillation) 

PDMS-coated 
NLM (vacuum-
filtration) on 

flat-sheet 
PVDF 

- photothermal 
conversion efficiency of 
5.8 kW/m2 
- antifouling properties 
tested with BSA and 
NaCl 

- solar-assisted 
membrane distillation 

with high photothermal 
efficiency and antifouling 

properties 

2018 
[127] 

Ti3C2Tx / 
Water 
purification 
(oil removal) 

NLM (vacuum-
filtration) on 
print paper 

- water flux ~ 472 Lm-

2h-1 
With oil content >99% 
(total organic carbon) 

- the print paper was 
employed as a substrate 
mechanical flexibility and 

strength 
- hydrophilic MXene layer 

serve as functions as a 
selective layer to 

effectively separate 
emulsified oil from water 

2019 
[119] 
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Ti3C2Tx / 
Water 
purification 
(desalination
) 

Inorganic 
composite 
(pressure 

filtration) on 
1-channel 𝛼-
Al2O3 tubes 

(120 nm) 

-water flux~5/25 Lm2h-1 

- salts rejection 50-99% 
(Na2SO4 > Mg2SO4 > 
NaCl > MgCl2) 
- sintering temperature 
from 60 to 500 °C 
- over 450°C in air 
partial oxidation of 
MXene, changing color 
from dark grey to 
reflection white 

- The interlayer spacing of 
MXene-derived 

membranes lessened 
from 0.371 nm at 60 °C to 

0.265 nm at 450 °C 
(optimal for salt rejection 

is 400°C). This resulted 
from the moisture loss 

and de-functionalization 
(-OH) occurring within 
MXene film at elevated 

temp.  

2019 
[123] 

Ti3C2Tx-GO 
hybrid / 
Water 
purification 
(dye, organic 
matter 
removal) 

GO hybrid 
NLM (vacuum-
filtration) on 

flat-sheet 
mixed 

cellulose ester 
(450 nm) 

- lower water 
permeance wrt pure 
MXene (~71.9) 
- higher rejection rates 
for organic dyes (>99%) 
for humic acid and 
bovine serum albumin 
 

- low water permeance 
could be because of 

difference in lateral size 
of MXene and GO 

- this outstanding was 
attributed to combined 

effect of molecular 
sieving, mainly, and 

electrostatic interaction 

2020 
[116] 

Ti3C2Tx / 
Water 
purification 
(oil removal) 

NLM (vacuum-
filtration) on 

flat-sheet PESf 
substrate 

- low fouling  
- high resistance to oil, 
including oily solvents 

- oil-separating 
nanolaminates 

2019 
[120] 

Ti3C2Tx / 
Water 
purification 
(desalination
) 

Thick laminate 
(vacuum-

filtration) on 
flat-sheet PA 

- salt rejection 
performance increase 
as the degree of 
crosslinking increase 
but at the expense of 
decrease in permeance 

- antiswelling MXene 
membrane by 

temperature-induced 
self-crosslinking of 

hydroxylated Ti3C2Tx via 
H2O condensation 

2019 
[124] 

Ti3C2Tx-GO 
hybrid / 
Water and 
solvent 
purification 
(dye 
removal) 

NLM (vacuum-
filtration) on 

flat-sheet 
Nylon 220nm 

- water flux ~8.5-11 
Lm2h-1 

- rejection over 90% 
- high stability for long-
term operations 
  

- the resultant GO/MXene 
membranes showed very 
high flux for pure solvents 

and outstanding dyes 
molecular separation 
performance (>90%)  

2019 
[130] 

Hydroxyl-rich 
Ti3C2Tx / 
Solvent 
purification 
(PEG 
removal)  

TFN (drop-
casting, dip-

coating) on PEI 
or PDMS (as 

matrix) on flat-
sheet PAN 

- PAN/PEI-Ti3C2Tx (with 
4wt% MXene loading) 
showed ≈99.4% 
rejection to PEG-800 at 
10 bar 
- studied rejection to 
oligomeric PEG 
molecules (200-1000 
Da) 

- indifferently of the 
loading ratio of MXene 

and type of polymer 
matrix, all membranes 

provided superior 
rejection to the 

oligomeric molecules  

 2016 
[75] 

Hydroxyl-rich 
Ti3C2Tx (fixed 
3 wt%) / 
Solvent 

TFN (drop-
casting, dip-

coating) on PEI 
or PDMS (as 

- loading ratio of MXene 
fixed at 3 wt%  

- exploring the role of 
chemical 

functionalization of 
MXene on PEG they 

2017 
[79] 
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purification 
(PEG 
removal) 

matrix) on flat-
sheet PAN 

found that different 
functionalities are useful 

for different solvents 
Double-
layered 
MXene / 
Solvent 
purification 
(dye 
removal) 

NLM (vacuum-
filtration) on 

flat-sheet 
Nylon 

- outstanding water 
permeability of 
~	2300	𝐿𝑚%&ℎ%' 
- rejection >96% for 
organic dyes larger than 
2.0 nm 

-the membrane 
possessed rigid and highly 

ordered nanochannels 
providing fast water 

transport and highest 
permeability 

 2018 
[109] 

Ti3C2Tx (1-5 
wt%) / 
Solvent 
purification 
(dehydration 
by 
pervaporatio
n) 

MMM (spin-
coating) 
Chitosan 

(matrix) on 
flat-sheet PAN  

- with 3 wt% exhibit 
high improvement for 
both flux (25%) and 
separation factor 
(250%) 
- T=50°C optimum value 
for flux/selectivity 
cutoff 

- stable MMM composed 
of chitosan and 1-5 wt% 

Ti3C2Tx for ethanol 
dehydration 

- higher T increase the 
swelling causing high flux 

at the expense of 
selectivity 

2018 
[96] 

Ti3C2Tx / 
Solvent 
purification 
(dye 
removal) 

MMM (phase 
inversion & 
crosslinking) 
Crosslinked 
P84 (matrix) 

with TETA 

- complete rejection of 
gentian violet 
- high flux ~268 Lm2h-1 
under 0.1 MPa  
- excellent solvent 
resistance to DMF, 
acetone and methanol  

- different approach for 
OSN membrane showed 

virtually complete 
rejection of gentian violet 

with high flux and high 
solvent resistance after 

crosslinking 

2018 
[133] 

PAN/PEI-
Ti2CTx / 
Solvent 
purification 
(dehydration 
by 
pervaporatio
n) 

Neat/hybrid 
NLM (vacuum-

filtration) in 
Hyperbranche
d PEI on flat-

sheet PAN 

- reduce the water 
content in the 
isopropanol/water 
mixture from 10 to <1 
wt% at 50°C 
- water flux > 1000 
Lm2h-1 

- flux values that 
overcome values 

available in literature for 
various type of 

membrane 
- poor results in terms of 

selectivity (for Ti3C2Tx) 

2019 
[131] 

Ti3C2Tx / 
Solvent 
purification 
(dehydration 
by 
pervaporatio
n) 

NLM (vacuum-
filtration) on 

flat-sheet 
Nylon (2 𝜇𝑚 
thick MXene) 

- not very high flux 
(~200-300 Lm2h-1) 
- not very high 
separation factor 
(~100-150) 
- high stability and low 
deterioration of the 
membrane 

- the membrane exhibit 
an appealing 

performance at room 
temperature compared 
to 50°C with more than 
30% higher separation 

factor at only 10% lower 
flux  

- small fluctuations of 
both flux and selectivity 
for long-term operation 

2019 
[132] 

 
 
In addition, an overall evaluation is necessary to examine the effects of various 
emerging MXenes on membrane preparation and membrane properties in 
terms of charge, hydrophilicity, interlayer spacing and surface smoothness, 
since it is difficult to evaluate the interactions between contaminants and 
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MXene, the homogeneity of MXene dispersion in various solvents and the 
development of effective incorporation methods [183]. This information could 
enable measurement of large-scale and long-term membrane stability for 
promoting applications of MXene-based membranes. In figure 24, it is shown 
the area of future study of MXene-based membranes in terms of their 
properties, solute physicochemical properties, operation conditions and 
solvent/water quality conditions in liquid separation [183]. 

 
Figure 24: Areas of future study of MXene-based membrane in liquid separation [183] 

 
In section 2.6 of part 2 are proposed several future directions concerning more 
realistic strategies for membrane preparation for future research. 
Taking into account the rich chemistry of MXenes, we currently exploit a very 
small fraction of possible MXene structures. The most of existing reports on 
MXene-based structure membranes are experiment-driven focusing on 
titanium carbide MXene varieties, but yet still, there are attempts to involve 
simulation/modeling approaches to inform the designing of MXene-based 
membrane [183]. Intensifying these efforts should help identify uncommon 
MXenes suitable for membrane design. In general, the prospects are that 
MXene-based membranes will continue their fast progress made in less than 5 
years in the future with growing speed. In table 3 are reported the reviews that 
contributed so far covering the membrane application of MXenes. 
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2DMs 
covered 

Focused topics Essential remarks Pub. 
Date 

Ref. 

GFMs, 
MXenes 

Fabrication/modification of water 
treatment and desalination 
membranes with various 
nanocarbons (including GFMs, 
MXenes)  

Includes MXenes 
although only a few 
reports were available at 
that time  

Feb 
2016 

[4] 

GFMs, 
MOFs, 
zeolites, 
TMDs, LDHs, 
h-BN, 
MXenes 

Design and performance of 
evaluation of advanced 
membranes (NLMs and MMMs) 
prepared by 2DMs for water and 
gas separations  

A detailed and 
profoundly insightful 
evaluation of NLMs 
(referred to as laminar 
membranes)  

July 
2016 

[10] 

MXenes only Synthesis, characterization, 
materials properties, composites 
preparation, applications (energy 
storage/conversion, environmental 
remediation including membrane 
separations, electromagnetic 
interference shielding)  

A comprehensive 
evaluation of the 
preparation of MXene-
based composites useful 
for membrane 
design purposes  

Dec 
2016 

[27] 

GFMs, 
MOFs, 
TMDs, 
MXenes, 
zeolites, 
COFs, g-C3N4 

Examples of 2DM-based advanced 
membranes, principles, and 
methods of membrane design, 
separation mechanisms of 
membranes 

An essential read for 
designing advanced 
membranes with 2DMs  

Jan 
2018 

[9] 

GFMs, h-BN, 
TMDs, LDHs 
(layered 
double 
hydroxides), 
MOFs, 
MXenes 

Composite membranes (MMMs), 
the possible role of 2DMs for 
preventing plasticization, synthesis 
and general properties of 2DMs, 
critical examples of membrane 
designs based on 2DMs  

An insightful account of 
advanced membrane 
design for gas separation 
with a particular focus 
on 2DMs  

Feb 
2018 

[8] 

MXenes only Environmental applications 
(adsorption of heavy metals, dyes, 
radioactive pollutants, gaseous 
molecules), synthesis  

Focuses on adsorbents 
but provides a brief 
introduction on MXene 
membranes  

May 
2018 

[41] 

MXenes only Applications (energy 
storage/conversion, contaminant 
adsorption, and water treatment 
including membranes), synthesis, 
materials properties  

Provides well-organized 
tabulated information on 
synthesis and 
applications of MXenes  

Oct 
2018 

[42] 

GFMs, 
MXenes, 
TMDs 

Preparation and GFM-based gas 
separation membranes (both 
MMMs and NLMs), the progress of 
other 2DMs  

A quick introduction for 
tailoring the 
permeability/selectivity 
of gas separation 
membranes  

Oct 
2018 

[43] 

GFMs, 
MOFs, COF, 
TMDs, h-BN, 

Membrane fabrications with 2DMs 
(including MMMs and NLMs), 
performance evaluation of 2DM-

Provides useful tips and 
insights on designing 
2DM-based advanced 
membranes  

Feb 
2019 

[44] 
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g-C3N4, 
MXenes 

based membranes in gas, water, 
and ion separations  

GFMs, h-BN, 
TMDs, 
MXenes 

Membrane applications including 
water purification, desalination, 
ion extraction, and energy storage 
and conversion  

Discusses a wide range of 
potential applications of 
2DM-based NLMs 

May 
2019 

[45] 

GFMs, 
MXenes, h-
BN, TMDs, 
COF, MOF 

Membrane design and applications 
of 2DMs including water, gas, and 
solvent  

Provides a quick 
introduction to the broad 
field of 2DM-based 
membranes  

May 
2019 

[46] 

MXenes only Applications (energy 
storage/conversion, composites, 
lubrication, sensors, and 
membranes), materials properties, 
synthesis, structure, and stability  

A succinct account of 
MXene membranes with 
critical comments on 
polymer-MXene 
composites  

June 
2019 

[31] 

MXenes only Environmental remediation 
(adsorbents, water treatment, 
desalination, sensors), stability, 
synthesis  

A balanced and critical 
evaluation of adsorbents 
and water separation 
membranes  

June 
2019 

[47] 

Various type 
of material 
system 
including 
2DMs 

Ion-NLM interactions, membrane 
design, regulation of ion transport 
through NLMs, applications 
concerning energy and beyond  

A helpful read on the 
relations of membrane 
separations and certain 
energy-related 
applications  

Dec 
2019 

[149] 

MXenes only Membrane design and 
preparation, liquid separation, 
water purification, organic solvent 
filtration, membrane properties, 
area of future studies 

A review on MXene-
based membrane for 
water purification 
application 

April 
2020 

[183] 

MXenes only Membrane design and 
preparation, water separation, gas 
separation, organosolvent 
separation, 
antibacterial/antibiofouling 
membranes, electroresponsive 
membranes  

The first dedicated report 
on the evaluation of 
MXene-based 
membranes  

June 
2020 

[182] 

 
The listed reports are focused om the applications of MXenes including 
membranes or reviews dedicated to the membrane applications of 2D 
materials in general. Reviews that are included on this table contain a notable 
amount of information on MXene-based membranes (> 100 words) and sorted 
the content based on the online publication dates of examined reviews. 
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