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Abstract
A growing family of two-dimensional (2D) transition metal carbides or nitrides, known as MXenes, have received increasing 
attention because of their unique properties, such as metallic conductivity and good hydrophilicity. The studies on MXenes 
have been widely pursued, given the composition diversity of the parent MAX phases. This review focuses on MXene films, 
an important form of MXene-based materials for practical applications. We summarized the synthesis methods of MXenes, 
focusing on emerging synthesis strategies and reaction mechanisms. The advanced assembly technologies of MXene films, 
including vacuum-assisted filtration, spin-coating methods, and several other approaches, were then highlighted. Finally, 
recent progress in the applications of MXene films in electrochemical energy storage, membrane separation, electromagnetic 
shielding fields, and burgeoning areas, as well as the correlation between compositions, architecture, and performance, was 
discussed.
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Introduction

Since the discovery of mechanically exfoliated graphene in 
2004 [1], research on ultrathin two-dimensional (2D) nano-
materials has grown exponentially in the fields of materials, 
material chemistry, and nanotechnology. Following gra-
phene, a variety of 2D nanomaterials, such as antimonene 
[2, 3], phosphorene [4], hexagonal boron nitride [5], transi-
tion metal disulfides [6], layered metal oxides, and layered 
double hydroxides, have been reported [7, 8]. These ultrathin 
2D materials have unique physical and chemical properties 
that are different from bulk materials because of the exist-
ence of quantum confinement effects [9]. Two-dimensional 
nanomaterials have shown great application prospect in 
physics, chemistry, and biology given their compact and 
ordered structure, and become research hotspot.

Two-dimensional transition metal carbides, or nitrides, 
known as MXenes, are lamellar structures that are widely 

used in many fields, especially in electrochemistry. MXenes 
are generally fabricated by selective etching the A layers 
from the corresponding parent MAX phase, which are lay-
ered ternary carbides or nitrides and denoted as  Mn+1AXn 
(n = 1–3), where M is an early transition metal, A primarily 
represents IIIA or IVA element, and X is C and/or N [10, 
11].  Ti3C2Tx is a common representative of MXenes, which 
is usually yielded through selectively etching the Al layers 
in  Ti3AlC2 powers [12, 13]. Exfoliated MXene sheets are 
usually several atomic layers thick with excellent electrical 
conductivity, and the surfaces are covered by a mixture of 
–OH, –O, and –F terminations [14].

Multiple kinds of MXenes have been successfully synthe-
sized via etching and exfoliating various MAX phases, such 
as  Ti3C2Tx,  V2C,  Nb2C,  Nb4C3,  Ti4N3, and  Mo2C [15–19]. 
The MAX phases belong to the hexagonal system, which 
are a new ternary layered compound. The special crystal 
structure endows MAX phases with excellent performance 
of both ceramics (high modulus, corrosion resistance, etc.) 
and metals (excellent electrical conductivity, thermal con-
ductivity, etc.) [20]. After etching by an HF aqueous solu-
tion, pristine MXenes retain the hexagonal crystal structure 
of the MAX phase, the P63/mmc space group. The crystal 
pattern of MXenes is a hexagonal dense packing structure, 
wherein transition metal atoms M are arranged in the outer 
layer, and C (or N) atoms sandwiched between two layers 
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of M atoms (Fig. 1). Transition metal atoms M and C/N 
atoms are alternately arranged in the order of M/X⋯/M and 
the C/N atoms are located in the center of the octahedron 
formed by the transition metal atoms [21–23]. According 
to density functional theory (DFT) calculations, the surface 
groups of MXene may be directly distributed above the hole 
among the three outermost transition metal atoms or above 
the C atoms [24–26]. In addition, Xie et al. [27] proved that 
the surfaces of HF-etched MXenes are mostly covered by 
–OH terminations through the combination of DFT calcula-
tions and experiments. More importantly, the experimental 
results indicated that an annealing treatment could lead to 
a surface with fewer –OH and –F groups and accelerate the 
formation of terminal oxygen-containing MXene layers.

Given their unique advantages of 2D geometry and 
ultrathin thickness, MXenes could stack into a film, sheet-by-
sheet. Compared with conventional films, MXene films have 
many distinct properties, such as unique optical, mechanical, 
electromagnetic, and gas-sensitive properties. As a result, 
MXenes have triggered breakthroughs in many fields [28]. 
Considering that the number of reports on MXene films has 
recently grown, this review mainly focuses on the prepara-
tion method, application, and working mechanism of MXene 
films. The MXene synthesis section first summarizes the 
classic HF etching method and some advanced synthe-
sis techniques reported recently, which involve synthesis 
method for multiple types of MXenes (instead of a single 
 Ti3C2Tx). Then various assembly methods of MXene films 
are introduced, including the most commonly used vacuum-
assisted filtration and spin-coating methods, as well as the 
recent development of electrostatic spinning, hot pressing, 
and electrodeposition approaches. Finally, the applications 
of MXenes in energy storage, membrane separation, electro-
magnetic interference (EMI) shielding, and other emerging 
applications are summarized. The purpose of this review is 
to provide a comprehensive illustration of the latest synthe-
sis methods and the state-of-the-art applications of MXenes, 

as well as the working mechanism proposed by the repre-
sentative works.

Brief Overview of the Synthesis Methods 
for MXene

MXene, as common 2D material, has the inherent advan-
tages of 2D materials, such as a high specific surface area 
and high processability, though it cannot be obtained in the 
same way as other 2D materials [29, 30] because of the 
strong metallic bonds between the “M” and “A” elements. 
In early studies, strong acids (i.e., an HF aqueous solution) 
were used to break the Ti–Al bonds, and the Al-element lay-
ers were selectively removed to produce multilayered  Ti3C2 
flakes after further exfoliation. MAX phases are a large fam-
ily, and the successful synthesis of  Ti3C2 introduces the pos-
sibility of etching of multiple MAXs. Most of the synthesis 
methods mainly depend on water as the main solvent and 
fluoride-based compounds as etchants for selective etching, 
which can produce poisonous gases, intercalated water, and 
abundant hydroxyl groups on the MXene surfaces [27]. To 
avoid these issues, novel methods have emerged to make the 
exfoliation process more effective, greener, and with abun-
dant terminations-containing MXenes, mainly including 
fluoride-containing acidic solutions and its derivative meth-
ods [23, 31, 32], chemical vapor deposition (CVD) meth-
ods [33, 34], hydrothermal synthesis [32, 35], and alkali 
etching methods [36, 37]. Nevertheless, acid etching and its 
derivative methods are still widely used in current research. 
The etching agents and synthesis method will directly affect 
the morphology, surface groups, and structural defects of 
MXenes [38]. Additionally, the properties of MXenes can be 
tuned by the types and ratios of M to X elements. Further-
more, the advanced characterizations of the MXene-based 
materials further reveal their potential properties, which 
facilitate and guide their studies and processing.

Fig. 1  Structure diagram of  Ti3C2Tx. a Left view of  Ti2C2Tx. b Front view of  Ti2C2Tx. The white, red, blue, and yellow balls represent H, O, C, 
and Ti atom, respectively
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Unlike graphite layers maintained by weaker Van der 
Waals forces, the adjacent layers of MAX are held together 
by strong covalent bonds or metal bonds. As a result, it is 
difficult to etch directly by a conventional etchant to produce 
 T3C2 sheets. Two-dimensional MXene sheets were not suc-
cessfully achieved until the  Ti3AlC2 powders were added to a 
concentrated HF solution by Gogotsi’s group [23]. By com-
bining geometry optimization and XRD analysis of the treated 
 Ti3AlC2 powders, Gogotsi et al. [23] concluded that the Al 
layers could be dissolved by the HF acid solution and replaced 
by functional groups (mainly –F and –OH), leaving a structure 
with a chemical formula of  Ti3C2. The etching procedure is 
illustrated in Fig. 2, and the mechanism can be described by 
the following formulas:

Similarly, Lin et al. [39] successfully fabricated 2D ultrathin 
 Ta4C3 MXene sheets with nanosized lateral dimensions 
using a two-step liquid exfoliation strategy. The etching 
process can be described as:

(1)Ti3AlC2 + 3HF → AlF3+1.5H2+Ti3C2

(2)Ti3C2 + 2H2O → Ti3C2(OH)2 + H2

(3)Ti3C2 + 2HF → Ti3C2F2+H2

(4)Ti4AlC3 + 3HF = AlF3 + Ta4C3+1.5H2

(5)Ta4C3 + 2H2O = Ta4C3(OH)2 + H2

Although the HF etching method is widely used in the 
production of  Ti3C2Tx, its practical application is still 
severely hindered because of the toxicity and harmfulness 
of HF [40–43]. Compared with the direct usage of a concen-
trated HF solution, the in situ produced HF can remove the 
A atom layers via a similar reaction process, which suggests 
protons and fluoride ions are necessary for etching  Ti3AlC2 
powders. The in situ HF etching of MAX can produce large 
fractions of single-layered MXene flakes with high yields. 
The obtained MXene sheets are usually accompanied by 
larger sizes and fewer nanometer-size defects, which are 
important for some applications. For example, large flakes 
with few defects are more suitable for applications requir-
ing high electrical conductivity [44]. Furthermore, cations 
(i.e.,  Li+,  NH4

+) in the etching system can intercalate into 
interlayers to expand the interflake spacing and weaken 
the interaction between MXene layers, which is conducive 
to further exfoliation and inhibiting the restacking during 
the assembly process [31, 45]. Typically, Wang et al. [32] 
developed a simple hydrothermal method to synthesize mul-
tilayered  Ti3C2Tx and investigated the effects of the ratio 
of reactants, reaction time, and reaction temperature on the 
product yield. Compared with the direct HF solution etching 
method, they introduced  Ti3AlC2 powders into the  NH4F 
aqueous solution at 150 °C for 12 h. In that process,  NH4F 

(6)Ta4C3 + 2HF = Ti4C3F2 + H2

(7)Ta4C3 + O2 = Ta4C3O2

Fig. 2  Structure, exfoliation process of the  Ti3AlC2 phases and cor-
responding MXene. a Structure of  Ti3AlC2. b After the HF treatment, 
Al was replaced by –OH terminations. c After ultrasound, the hydro-

gen bonds were broken, and the MXene nanosheets were dispersed 
in solvent. Reproduced with permission [23]. Copyright 2013, Wiley-
VCH
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would gradually hydrolyze to produce HF for etching the 
added powder.  Ti3C2Tx sheets with a large size (4–15 μm) 
and defect-free surfaces would be obtained. In addition, a 
new method with low toxicity and high yield was introduced 
by Ghidiu et al. [31] to prepare MXene colloidal solution, 
wherein water was used as the main solvent, HCl, and fluo-
ride salt (LiF in general) as the composite etchant. They 
first added LiF powders to the HCl solution, followed by 
the slow addition of  Ti3AlC2 powders and finally heated in 
a water bath. Moreover, XRD analysis showed that the layer 
spacing between sheets in the MXene films produced by a 
mixed etching agent was larger than that by HF etching, 
and yields were also higher because of water and/or cations 
 (Li+) intercalation in hydrophilic and negatively charged 
MXene sheets. Additional studies with this compound etch-
ing agent demonstrated that the ratio of LiF and sonification 

treatment (or absence) heavily affect the defect and lateral 
size of the MXene sheets [46, 47]. Unlike the previously 
reported method using water as a main solvent, Michel et al. 
[45] developed a route to fabricate  Ti3C2Tx MXenes rich 
in fluorine terminations by etching the MAX phase in a 
variety of polar solvents with  NH4HF2 (Fig. 3a, b).  Ti3AlC2 
powders etched by  NH4HF2 in different organic solvent sys-
tems displayed a typical accordion-like morphology, and 
the TEM micrograph indicates delaminated  Ti3C2Tx flakes 
after sonification, confirming the successful synthesis of 
 Ti3C2Tx (Fig. 3c, d). The d-spacing of the obtained MXenes 
was also significantly larger than that of samples etched in 
an  NH4HF2 aqueous solution because of the intercalation 
of  NH4

+/organic solvent molecule complexes [48]. Another 
interesting trait of these exfoliated  Ti3C2Tx flakes is the rich 
distribution of –F terminations [approximately 70% for those 

Fig. 3  a Flow chart of water-free fabrication of MXene using 
 NH4HF2 in organic solvent. Reproduced with permission [45]. Copy-
right 2020, Cell Press. b Supplementary instruction to Fig. 3a, sche-
matic illustration of  Ti3C2Tz delaminated flakes that were dispersed 

stably in several organic solvents. Reproduced with permission [50]. 
Copyright 2020, Cell Press. c Typical SEM micrograph of multilay-
ered  Ti3C2Tx. d TEM micrographs of delaminated  Ti3C2Tx sheets.  
Reproduced with permission [45]. Copyright 2020, Cell Press
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produced in propylene carbonate (PC)], which originated 
from the  NH4HF2 in a water-absent environment. Other stud-
ies have indicated that water plays the key role in inducing 
degradation of  Ti3C2Tx and other MXenes [49]. Therefore, 
the water-free method may be an alternate synthesis tech-
nique for MXene to avoid degradation. More importantly, 
when MXene exfoliated in propylene carbonate was used 
as an anode of Na-ion battery, nearly double capacity in a 
PC-containing electrolyte was observed compared with that 
when MXene etched in water.

MXenes can also be obtained through an element replace-
ment approach in Lewis acid melt salts. For example, Li 
et al. [20] synthesized Zn-containing MAX phases  (Ti3ZnC2, 
 Ti2ZnC,  Ti2ZnN, and  V2ZnC) and further fabricated –Cl 
terminated MXenes  (Ti3C2Cl2 and  Ti2CCl2) based on this 
method with original materials of  Ti3AlC2 and  ZnCl2. In 
the case of  Ti3ZnC2, the synthesis mechanism of the Zn-
containing MAX phase can be presented by the following 
reactions:

Coordinately unsaturated  Zn2+ can act as Lewis acids 
because of its strong acceptance of –Cl and electrons. 
Weakly bonded Al atoms in  Ti3AlC2 can be easily oxi-
dized into  Al3+ and then further bonded with –Cl to form 
 AlCl3 [Reaction (9)]. The produced  AlCl3 has a low boiling 
point (approximately 180 °C), which easily escapes from 
the original system at high temperature (550 °C).  Ti3ZnC2 
can be formed as in situ reduced Zn atoms intercalated into 
the  Ti3C2 layers and fills the A sites of the MAX phase 

(8)Ti3AlC2+1.5ZnCl2 = Ti3ZnC2+0.5Zn + AlCl3 ↑

(9)Ti3AlC2+1.5ZnCl2 = Ti3C2+1.5Zn + AlCl3 ↑

(10)Ti2C3 + Zn = Ti3ZnC2

previously occupied by Al atoms [Reaction (10)]. The phase 
evolution of the reaction product is under the influence of 
multiple pathways, most notably the different  Ti3AlC2/ZnCl2 
ratios. Starting with  Ti3ZnC2, the final products can become 
 Ti3C2Cl2 with an increasing  ZnCl2 ratio in the original mate-
rials. Therefore, a two-step formation process is proposed: 
the generation of  Ti3ZnC2 and etching in excess  ZnCl2 
(Fig. 4a). Similarly, Fashandi et al. [51] fully replaced the Si 
atomic layers in  Ti3SiC2 with a noble metal (Au and Ir) using 
a solid-state diffusion process at high annealing temperature. 
Moreover, the separation of Si and Au can be achieved via 
a thermodynamic drive force at an appropriate temperature. 
The successful synthesis of the new MXene suggests that 
the exchange mechanism between the A atomic layer in 
the MAX phase and metal halide may become a common 
method for the synthesis of unexplored MXenes with func-
tional A-site elements. Similarly, Huang et al. [52] proposed 
a more general strategy to synthesize MXenes using direct 
redox coupling between cations in Lewis acid molten salts 
and element A at high temperatures. This method success-
fully generalized the Lewis acid melt salts etching strategy 
to a variety of chloride salts (i.e.,  ZnCl2,  FeCl2) and uncon-
ventional MAX phases with A elements Si, Zn, and Ga. 
The exfoliation process can be illustrated in Fig. 4b. In this 
study, the synthesis of MXene was performed with  Ti3SiC2 
as the precursor and  CuCl2 molten salt as the etchants. The 
reaction between  Ti3SiC2 and  CuCl2 at 750 °C involves the 
following reactions:

The redox potential of Cu/Cu2+ is − 0.43 eV in the molten 
salt system at 750 °C. Therefore, the ionized  Cu2+ in the 

(11)Ti3SiC2 + 2CuCl2 → Ti3C2 + SiCl4(g) ↑ + 2Cu

(12)Ti3C2 + CuCl2 → Ti3C2Cl2 + Cu

Fig. 4  Schematic of the preparation of MXene by a molten salt 
method. a Synthesis diagram of –OH and –Cl terminated MXenes 
from  Ti3AlC2 and  ZnCl2. Reproduced with permission [20]. Copy-

right 2019, American Chemical Society. b Synthesis of  Ti3C2Tx 
MXene from  Ti3SiC2 and  CuCl2. Reproduced with permission [52]. 
Copyright 2020, Nature Publishing Group
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molten salt can easily oxidize the Si atoms to  Si4+,  Si4 + 
eventually forms  SiCl4 gas with –Cl to escape from the  Ti3C2 
sublayer, and  Cu2+ is reduced to Cu element [Reaction (11)]. 
After Cu is removed by washing with subsequent ammonium 
persulfate solution,  Ti3C2Tx MXene with –Cl and –O as sur-
face groups can be prepared.

Compared with the molten chloride salt etching meth-
ods mentioned above, Urbankowski et al. [18] synthesized 
 Ti4N3 MXene using molten fluoride salts (KF, LiF, NaF) 
to remove the Al layers in  Ti4AlN3 at 550 °C under an 
argon atmosphere. Further delamination of the multilay-
ered  Ti4N3Tx via probe sonication produced few-layered 
and single-layered flakes (Fig. 5). However, there are still 
some shortcomings in etching the MAX phase in molten 
salt. First, it is difficult to completely remove the fluoride 

and other residues. In addition, the key to most molten salt 
etching systems is atmosphere protection and temperature 
control. If the temperature is too high or heated directly in 
the air, the product may have a cubic phase structure [53].

Since it is difficult to use the transition metals Zr and Hf 
to form the MAX phase, the corresponding MXenes can 
be obtained from selectively etching a series of non-MAX 
phases. The non-MAX phase possesses a similar composi-
tion to the MAX phase, while its structure is different from 
the other known MAX phases. Zhou et al. [54] produced 
high-purity layered  Zr3Al3C5 compounds by an in situ 
reactive pulsed electric current sintering (PECS) process 
and as a precursor to be exfoliated by HF acid (Fig. 6a). 
In this process, the relatively weak Al–C bonding units 
can be easily broken. The following simplified chemical 
reactions can describe the etching process of  Zr3Al3C5:

Fig. 5  Fabrication of  Ti4N3Tx 
sheets via molten salt treat-
ment of  Ti4AlN3 at 550 °C, the 
multilayered MXene, and finally 
single- or few-layered sheets 
after sonification. Reproduced 
with permission [18]. Copy-
right 2016, Royal Society of 
Chemistry

Fig. 6  a Crystal structure of parent  Zr3Al3C5 and corresponding mod-
els. b, c SEM images of the HF-treated powders, exhibiting the accor-
dion-like structure. d Typical TEM images of exfoliated 2D  Zr3C2Tz 
sheets via ultrasonic treatment. e, f TEM images of few-layered 

 Zr3C2Tz and rolled  Zr3C2Tz nanosheets. The inset in (f) is a SAED 
pattern. Reproduced with permission [54]. Copyright 2016, Wiley-
VCH
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SEM and TEM images revealed the accordion-like structure 
of HF-treated powders and few-layered  Zr3C2Tz sheets after 
ultrasonic treatment, respectively (Fig. 6b–f). Hf-containing 
layered carbide is more difficult to produce a single phase 
than Zr-containing carbide through chemical etching the 
ternary composite Hf–Al–C phase because of the strong 
interfacial bonding between sublayers. The obtained exfo-
liation products are mainly cubic phases, usually including 
 Hf3Al3C5,  Hf3Al4C6, and  Hf2Al4C5 mixed phases [55]. Con-
sidering the strong interaction between Hf-C and Al-C lay-
ers, it is very important to weaken the interfacial adhesion 
between Hf-C and Al-C sublayers for further exfoliation. 
Based on the above experiments and analysis, Zhou et al. 
[56] introduced a small amount of Si into the Al sites and 
synthesized  Hf2[Al (Si)]4C5 and  Hf3[Al (Si)]4C6 layered par-
ent compounds by PECS process. With the solid solution 
as the precursor and HF acid as the etching agent, selective 
exfoliation of the Al(Si)–C structural unit was demonstrated, 
producing 2D Hf-containing MXenes for the first time 
(Fig. 7a). The etching mechanism is shown in Table 1 [56]. 
The representative SEM and TEM images demonstrated the 
successful etching and exfoliation process (Fig. 7b–e).

To explore the exfoliation mechanism by means of the 
binding energy and atomic charge calculation, the micro-
scopic mechanism of Si doping facilitating the process of 
hydrofluoric acid exfoliation was clarified. Since Si has one 

(13)Zr3Al3C5 + HF → AlF3 + CH4 + Zr3C2

(14)Zr3C2 + H2O → Zr3C2(OH)2 + H2

(15)Zr3C2 + HF → Zr3C2F2 + H2

more valence electron than Al, Al can effectively reduce the 
interface binding energy between the Hf atomic layer and the 
exfoliated Al (Si)4C4 layer from 8.60 to 4.05 eV. Therefore, 
the introduction of Si has realized the effective tuning of the 
Hf–C and Al (Si)–C lamellar interface within the unit cell, 
significantly weakening the interface bonding and introduc-
ing efficient exfoliation.

Given that current synthesis methods mainly involve a 
highly concentrated HF solution or a mixture of fluoride 
and strong acids for etching the A atomic layers in MAX 
phases, the produced MXene sheets were normally accompa-
nied by large amounts of –F terminal groups. Although the 
methods are effective, these processes are environmentally 
harmful and decrease the material performance (for exam-
ple, capacitance) because of the chemical inert –F termi-
nals. Several novel studies have revealed that MXenes can 
also be produced without fluoride by etching their parent 
MAX phases. Based on the Bayer process, Li et al. [37] pro-
posed a fluorine-free method for etching of the Al element 
in  Ti3AlC2 via hydrothermal treatment in 27.5 mol/L NaOH 
(Fig. 8a). The entire process was totally free of fluorine, 

Fig. 7  a Synthesis process of the  Hf3C2Tz MXene. b SEM images of 
fabricated  Hf3[Al(Si)]4C6 powders. c SEM image of powder after HF 
treatment. d Typical TEM image of the delaminated  Hf3C2Tz sheets. e 

TEM image of few-layered  Hf3C2Tz sheets. Reproduced with permis-
sion [56]. Copyright 2017, American Chemical Society

Table 1  Chemical equations for etching behaviors and corresponding 
adhesive energies (in eV/Å2)

Etching progress Adhesive 
energy (eV/
Å2)

Hf3Al4C6 → Hf3C2 + Al4C4 0.422
Hf3Al3.5Si0.5tC6 → Hf3C2 + Al3.5Si0.5tC4 0.211
Hf3Al3.5Si0.5SC6 → Hf3C2 + Al3.5Si0.5sSSi0.5sC4 0.283
Hf3Al3.67Si0.33tC6 → Hf3C2 + Al3.67Si0.33t 0.351
Hf3Al3.75Si0.25tC6 → Hf3C2 + Al3.75Si0.25t 0.418
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yielding –OH and –O terminated multilayer  Ti3C2Tx sheets 
with nearly 92 wt% purity. Moreover, they systematically 
investigated the effects of temperature and alkali concentra-
tion on the etching results. The results showed that the high 
temperature could accelerate the formation of  Ti3C2 because 
the reaction between alkali and undissolved Al hydroxides 
(Al(OH)3) is an endothermic process, and the purities of the 
resulting MXenes are dominated by the alkali concentra-
tion. Importantly, the fabricated NaOH–Ti3C2Tx thin-film 

electrode without –F terminal groups (thickness 52 μm, den-
sity 1.63 g/cm3) delivered a high gravimetric capacitance 
value of 314 F/g at 2 mV/s or 254 F/g at 1 A/g, superior 
to that of HF–Ti3C2Tx (100 F/g at 2 mV/s, terminated with 
–O, –OH, and –F). Similarly, Pang et al. [57] developed an 
HF-free strategy for synthesizing multiple kinds of MXenes 
 (Ti2CTx,  Cr2CTx, and  V2CTx) based on a thermally assisted 
electrochemical etching method. In this paper, we will elu-
cidate the novel process by examining a  Ti2CTx example in 

Fig. 8  a The etching process of  Ti3AlC2 in a NaOH aqueous solution 
under various conditions. Reproduced with permission [37]. Copy-
right 2015, American Chemical Society. b Schematic of the  Nb2CTx 

delamination process via isopropylamine intercalation.  Reproduced 
with permission [64]. Copyright 2015, Wiley-VCH
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diluted HCl acid. By adopting carbon fiber cloth and carbon 
black additives to  Ti2AlC powder to produce a composite 
electrode, the small voltage (0.3 V vs. RHE is the best) and 
mild heating caused effective electrochemical etching pro-
cess. Moreover, the as-synthesized MXene via the HF-free 
strategy reached 25 μm and a flower-like architecture with a 
rougher surface than the unetched  Ti2AlC. Such a morpho-
logical change indicates effective electrochemical-etching, 
particularly for the case with a thermal effect.

Excellent properties of 2D materials are only revealed 
after being delaminated into single or a few atomic layer 
thicknesses; as a result, the exfoliation process is very 
important in the preparation of 2D MXene materials [58]. 
Even after being etched, large amounts of MXene sheets are 
still restacked because of the presence of hydrogen bonds 
and electronic attraction [59]. Therefore, the yield of single/
few-layered MXene sheets obtained by simple mechanical 
delamination is relatively low, and delaminated MXene 
sheets are easy to be oxidized and degraded. Therefore, the 
subsequent intercalation and delamination process after etch-
ing is of significant importance for obtaining single- or few-
layered MXene sheets with larger sizes and fewer defects. 
The post-etched powders are covered with functional groups 
(–OH, –F, –O, etc.), so MXene flakes are electronegative. 
Some cations  (Li+,  Na+,  H+, etc.) and/or polar organic mol-
ecules (dimethyl sulfoxide (DMSO), N-butyl amine, etc.) 
can spontaneously intercalate between interlayers because 
of electrostatic attraction, which is conducive to expand-
ing the interlayer spacing and accelerating the exfoliation of 
etched samples. Furthermore, the introduction of these guest 
molecules/ions will also inhibit restacking when exfoliated 
MXene flakes are further assembled into a film [60–62]. 
DMSO was effective in delaminating  Ti3C2Tx MXene while 
it was not suited for other MXenes [63]. The single- and few-
layered 2D  Ti3C2Tx sheets are generally prepared through 
the mixture of HF etched powder in a DMSO solution for 
intercalating the organic compound into the layered struc-
ture, and sonication in water under argon atmosphere for 
delamination. Gogotsi et al. [64] obtained individual 2D 
 Nb2CTx sheets via an amine-assisted delamination process 
and successfully inserted isopropylamine into  Nb2CTx lay-
ers. The schematic of the delamination strategy is shown 
in Fig. 8b. Isopropylamine is proposed to produce R-NH3

+ 
after dissolving in water, and will intercalate into the  Nb2CTx 
layers via the electrostatic attraction. In addition, isopro-
pylamine has a three-carbon-atom alkyl tail, which may be 
small enough to overcome the spatial hindrance of intercala-
tion, and large enough to push the MXene layer away. This 
approach seems to be more general and has the potential to 
delaminate  Ti3C2Tx,  Nb4C3Tx, and other MXenes.

In addition to the above-mentioned synthesis methods 
(or top-down methods), MXenes can also be produced by 
bottom-up methods such as atomic layer deposition (ALD) 

and chemical vapor deposition (CVD). Halim et al. [48] 
reported the successful deposition of  Ti3AlC2 thin films from 
three elemental targets (Ti, Al, C) through direct current 
magnetron sputtering (DCMC). Using  NH4HF2 as etchants, 
the continuous epitaxial  Ti3C2 thin films could be obtained 
by selectively removing Al layers, and  NH3 and  NH4

+ were 
successfully intercalated  Ti3C2Tx interlayers. A 1 cm × 1 cm 
thin film (∼ 19 nm) exhibited ∼ 90% light transmittance in 
the visible-to-infrared range, with a metallic-like nature of 
the conductivities. CVD can be used to directly synthesize 
ultrathin MXene material, which is a relatively new method 
for fabricating MXene-based materials. For example, Xu 
et al. [33] successfully fabricated 2D ultrathin  Mo2C crys-
tals through a CVD process with a temperature higher than 
1085 °C; however, such bottom-up synthesis methods are 
rarely reported on other MXenes because of the possible 
bond energies. In this study, methane was used as the carbon 
source, and a Cu foil sitting on a Mo foil was used as the 
substrate. The synthesized high-quality 2D ultrathin  Mo2C 
crystals can reach lateral sizes greater than 100 μm with a 
few nanometers in thickness. More importantly, the size and 
thickness of the crystals can be well tuned by varying the 
experimental conditions, wherein the nucleation density and 
lateral size can increase with the growing temperature and 
growing time, respectively.

Although numerous methods have been developed to 
fabricate various types of MXenes, the current techniques 
are still restricted by many disadvantages, such as time con-
sumption, heavy pollution, high cost, low yields even on 
a laboratory scale, low quality, and poor stability. There-
fore, the scalable and cost-effective synthesis methods for 
high-quality MXenes still need to be explored. To realize 
these goals, attention should be devoted to environmentally 
friendly etchants and abundantly available inexpensive raw 
materials. The time of fabrication and yield are also worth 
considering; as a result, there is a need to focus on fast and 
easy ways for high yields.

Assembly Technologies of MXene Films

MXenes and their composites have been widely researched 
in various fields as different forms such as powders [41], 
films [11], and hydrogels [65]. However, given the increased 
number of published papers, MXene is still generally assem-
bled into films. For example, MXene films can be applied as 
flexible electrodes [42, 66], membrane separation (including 
liquid separation membranes and gas separation membranes) 
[67, 68], battery separators [69], and molecular sieves [70]. 
The unique chemical compositions, crystallization struc-
ture, and morphology of MXenes have been studied for their 
potential functionalities. MXene sheets can be assembled 
into freestanding films using various strategies because of 
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the strong Van der Waals forces. However, the MXene sheets 
easily aggregate or restack because of the strong interaction, 
resulting in the loss of available surface area and active sites 
[71]. To address this issue, the additional components are 
introduced into MXene layers to increase the layer spacing, 
mainly including polymers, carbon materials (carbon nano-
tubes, graphene, etc.), and other inorganic materials [72–74]. 
Furthermore, reducing some fluoride and oxygen groups 
(–F, –OH, and –O) on the surface of  Ti3C2Tx nanosheets 
would be contributed to by annealing [75].

Vacuum‑Assisted Filtration (VAF)

MXenes can be easily assembled to form interlayer hydro-
gen-bonded hybrid films through VAF, and a wrinkle-like 
structure is usually distributed throughout the whole surface 
of the MXene membrane because of the unique ultrathin 

flakes and abundant terminal groups of MXene [76]. Using 
VAF, substantial efforts have been devoted to fabricating 
laminar membranes by combining MXene with other materi-
als. As revealed by Ling et al. [77], two kinds of conductive, 
flexible, high-mechanical strength MXene/polymer compos-
ite films were successfully fabricated via VAF. In this work, 
two polymers were chosen, poly (diallyldimethylammonium 
chloride) (PDDA) and polyvinyl alcohol (PVA) (Fig. 9a). 
The former is well cationic polymer that can strongly inter-
act with negatively charged MXene, while PVA has abun-
dant hydrophilic hydroxyl groups along its backbone [78, 
79]. The PVA/MXene composite membrane was fabricated 
by first mixing a MXene colloidal solution (0.3 mg/mL) with 
a PVA solution (0.1 wt%) in different ratios, followed by 
ultrasonic treatment to evenly mixed. Finally, the MXene/
PVA composite membrane was fabricated by VAF through 
a polypropylene separator membrane. The as-prepared 

Fig. 9  a Schematic of fabricating different MXene-based films. 
Reproduced with permission [77]. Copyright 2014, Proceedings of 
the National Academy of Sciences of the United States of America. 

b Schematic and c optical image of S@Ti3C2Tx ink. Reproduced with 
permission [81]. Copyright 2018, Wiley-VCH
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MXene/PVA composite electrode can achieve a high volu-
metric capacitance of 530 F/cm3 at a scan rate of 2 mV/s 
in 1 mol/L KOH electrolyte and an impressive electrical 
conductivity as high as 2.2 ×  104 S/m. The  Ti3C2Tx/PDDA 
composite films were assembled by the same VAF, which 
was composed of orderly stacked layers over the entire film. 
With a similar VAF, Rasool et al. [80] filtrated MXene 
sheets on the polyvinylidene fluoride (PVDF) membrane to 
fabricate a water-treatment membrane with anti-biological 
pollution property. The uniform film coatings on the PVDF 
exhibited preferred hydrophilicity compared with the pris-
tine PVDF membrane, decreasing the water contact angle to 
37° (PVDF was hydrophobic with a contact angle of 81°). 
The surface roughness of the pristine PVDF and  Ti3C2Tx/
PVDF membranes was also investigated via AFM. Upon 
 Ti3C2Tx coating, the hybrid membrane possessed a rougher 
surface with wrinkles because of the relatively high pressure 
exerted on the  Ti3C2Tx membranes. Tang et al. [81] demon-
strated nano-sulfur particles uniformly nucleating and grow-
ing on the surface of single-layer or few-layer MXene sheets, 
and a composite aqueous viscous ink rich in S and MXene 
sheets was prepared by in situ reduction at room tempera-
ture (Fig. 9b). This water-based viscous ink could be further 
vacuum-filtrated to form high-strength, highly conductive, 
freestanding, and flexible S@Ti3C2Tx composite electrodes 
without a polymer binder or conductive agents.

Liang et al. [82] reported that carbon nanotubes (CNTs) 
and MXene could also be assembled into composite films 
through VAF and used as the electrode of a lithium sulfur 
battery. Multi-walled CNTs with a diameter of approxi-
mately 8 nm were added into the MXene colloidal solution, 
and the solution was stirred in chlorosulfonic acid. Finally, 
the suspension was filtered on an anodic aluminum oxide 
(AAO) membrane and dried at 80 °C. The resultant film 
possessed a conductive porous framework structure, which 
contained a large number of polysulfides, such that the mate-
rial had excellent cycling performance. Recently, an ultrathin 
and highly flexible  Ti3C2Tx/CNFs composite paper was pre-
pared by a facile VAF method to induce self-assembly [83]. 
Through the interaction of 1D CNFs and 2D  Ti3C2Tx, the 
paper exhibited a high tensile strength (up to 135.4 MPa) and 
fracture strain (up to 16.7%) while maintaining high conduc-
tivity and excellent electromagnetic shielding efficiency.

Utilizing the VAF method, various MXene-based films 
were successfully fabricated, which further accelerates the 
exploration for their potential applications. However, the 
relatively high pressure exerted on films may cause the 
loss of water-soluble polymers and micro molecules. This 
will cause significant deviation from the original percent 
composition of MXene and other materials, which makes it 
difficult to see the precise relationship between the perfor-
mance and composition. In addition, the high pressure sig-
nificantly aggravated the restacking between MXene flakes. 

Such self-restacking during VAF has been demonstrated to 
reduce the accessibility of electrolyte ions and decrease the 
utilization rate of active sites, thus deteriorating the intrinsic 
performance of assembled MXene films.

Spin‑Coating Method

Spin-coating is widely used to fabricate uniform MXene-
based films in a fast and efficient way. Normally, a mixed 
solution of an MXene colloidal solution and additives is first 
treated by intense stirring or ultrasound to form a homogene-
ous solution. The homogeneous solution is then spread on a 
clean substrate under centrifugal force to allow the solvent to 
evaporate under high temperature and/or vacuum. Finally, an 
independent MXene-based composite film can be detached 
from the substrate for subsequent research [84, 85]. Mon-
tazeri et al. [86] fabricated MXene transparent contacts by 
a simple spin-coating method and applied it to  Ti3C2-based 
MXene photodetectors (Fig. 10a). This transparent MXene 
film could decrease the trade-off between carrier transmis-
sion distance and responsiveness, increased the sensitivity 
of the photodetectors by four times that of similar devices 
implemented in gold (Au). Zhang et al. [87] demonstrated a 
highly transparent, conductive, and ordered  Ti3C2Tx film as 
well as its application in transparent and solid-state superca-
pacitors. The continuous transparent film was obtained via 
spin-coating  Ti3C2Tx sheets with a colloid solution, followed 
by vacuum annealing at 200 °C to produce large  Ti3C2Tx 
sheets parallel to the substrate. Dillon et al. [88] reported a 
 Ti3C2Tx film with a thickness of only a few dozen nanome-
ters and a conductivity up to 6500 S/cm by spin-coating; the 
fabrication process is shown in Fig. 10b. In this study, the 
limitations of preliminary optical studies of MXenes carried 
out by physical vapor deposition were overcome [48]. The 
resulting high conductivity was attributed to the metal-like 
free-electron density and highly coplanar arrangement of 
individual nanomaterials created by spin-coating.

Most reported silicon-based micro supercapacitors 
(MSCs) still have problems, such as low energy density 
and a complex manufacturing process, which hinder their 
integration with silicon chips [89, 90]. To address these dis-
advantages, Huang et al. [85] proposed a low-cost treating-
cutting-coating manufacturing method to fabricate  Ti3C2Tx 
MXene-based on-chip MSCs. Spin-coating was employed 
to deposit conductive  Ti3C2Tx MXene on a hydrophilically 
treated Si/SiO2 wafer. The MXene films produced on the 
Si/SiO2 chip are extremely thin, with the thickness ranging 
from 100 to 600 nm, along with outstanding uniformity and 
stability. On the basis of these ultrathin MXene membranes, 
the MSCs produced by this method possessed interdigitated 
architectures and showed high areal and volumetric capaci-
tance of 472 μF/cm2 and 21.4 F/cm3, respectively, with a 
capacitance retention rate greater than 87.6% after 10,000 



228 X. Li et al.

1 3

cycles. Therefore, this work provides new ideas and strat-
egies for the development of miniaturized and intelligent 
energy storage devices.

Other Emerging Methods

In addition to commonly used VAF and spin-coating, other 
methods, such as hot pressing, electrostatic spinning, and 
electrochemical deposition, have been reported for the 
preparation of MXene composite films and their features 
are summarized in Table 2. Since the thermal stability of 
MXenes is better than that of polymers [91], the preparation 
of MXene/polymer composite films can be performed by hot 
pressing above the melting point of the polymers and below 
the degradation temperature of the MXenes. This method is 
much more suitable for scale-up production with the advan-
tages of solvent-free, flexible formulation, economical, and 
environmentally friendly. Sheng et al. [92] proposed a sim-
ple and feasible technique to produce MXene/polyurethane 
(TPU) composite films with superior mechanical and ther-
mal properties via combination melt blending and hot press-
ing. To avoid restacking of MXene sheets and achieve better 

dispersion during the melt blending process, the exfoliated 
MXene sheets were pretreated with polyethylene glycol to 
enhance their interactions with hydrophobic TPU polymers. 
TPU was then blended with the modified MXene flakes, and 
a series of  Ti3C2/TPU films were obtained. Ghidiu et al. [31] 
reported a flexible MXene film prepared from MXene con-
ductive clay and fabricated as a flexible electrode to inves-
tigate its electrochemical performance. The clay-like paste 
formed by resultant sediment was rolled into a flexible self-
supporting film in a few minutes between water-permeable 
membranes placed in a roller mill (Fig. 11a).

MXene/rGO composite films were fabricated via electro-
static self-assembly of positively charged reduced graphene 
oxide (rGO) modified with poly (diallyldimethylammonium 
chloride) and negative  Ti3C2Tx flakes [93]. Comparing the 
random physical mixing, the electrostatic attraction estab-
lished between MXene and rGO nanosheets effectively pre-
vents the self-restacking of rGO or MXene nanosheets. The 
enlarged spacing between the MXene flakes accelerated ion 
diffusion and enabled more electroactive sites to be fully uti-
lized. An interfacial self-assembly method was also used to 
fabricate thin and laminated MXene films with high stacking 

Fig. 10  a Fabrication process of the photodetector and SEM image 
of the final device showing a cathode–anode separation gap. Repro-
duced with permission [86]. Copyright 2019, Wiley-VCH. b Sche-

matic of the  Ti3C2Tx MXene film prepared by depositing a  Ti3C2Tx 
aqueous solution on different substrates via spin-coating.  Repro-
duced with permission [88]. Copyright 2016, Wiley-VCH
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order [94]. The films can typically be assembled within a 
few minutes, and their thickness is usually 10 nm. To pursue 
the maximized electrical conductivity of fabricated films, 
the adherence and density of interflake contacts needed to 
be optimized. By adding HCl to reduce the pH to 3, the zeta 
potential was improved to − 30 mV, which is necessary to 

weaken electrostatic repulsion. In addition, the density of the 
interlayer contacts can also be modulated by controlling the 
individual MXene sheet sizes. Furthermore, the slow addi-
tion of ethyl acetate to a diluted MXene aqueous solution 
could accelerate the spontaneous assembly of MXene films 
on the water surface, which was then easily transferred to a 

Table 2  Summary of the several assembly techniques

Assembly technique Advantages Disadvantages Application References

VAF Simple operation Time-consuming, aggregation of 
MXene flakes

Supercapacitors [97]

Spin-coating Rapid film forming, well-defined 
composition

Aggregation of MXene flakes Photodetectors [86]

Interfacial self-assembly High uniformity, rapid film forming – Gas sensors [94]
Electrostatic self-assembly Ultrathin and controlled thickness – Supercapacitors [93]
Cold press (CP) Expanded interlayer spacing, well-

defined film structure
– Lithium-ion batteries [98]

Hot press (HP) Solvent-free, flexible formulation Inapplicable to polymers with low 
degradation temperature or high 
melting point

Coating, adhesives, etc [92]

Electrospinning Structural tunability, progress 
controllability

– Oil/water separation [95]

Electrophoretic deposition High uniformity, adjustable mass 
loading

– Supercapacitors [99]

Electrochemical polymerization Controlled reaction rate and thick-
ness

– Micro supercapacitors [100]

Fig. 11  a Fabrication diagram by rolling MXene clay to produce flex-
ible, freestanding MXene films. Reproduced with permission [31]. 
Copyright 2014, Nature Publishing Group. b Preparation process 

of PVA/MXene nanofibers film.  Reproduced with permission [96]. 
Copyright 2019, Elsevier
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variety of substrates. The assembled  Ti3C2 MXene films dis-
played an average sheet resistance as low as 310 Ω at 10 nm 
thickness because of the reduced surface charges on individ-
ual flakes. Electrospinning is a widely applied technique for 
the manufacture of nanofiber and fibrous films [95], which 
was also successfully conducted to fabricate PVA/MXene 
nanofiber films by adding PVA matrix material to  Ti3C2Tx 
nanosheets suspension (Fig. 11b) [96]. These MXene-based 
films achieved enhanced flexibility and were used as the neg-
ative friction layer in a triboelectric nanogenerator (TENG). 
While silk fibroin was chosen as the positive friction layer, 
the assembled TENG displayed superior mechanical proper-
ties and high-power harvesting ability.

Given the unique properties and extensive applications of 
MXene-based films, researchers have made great efforts to 
develop new fabrication strategies. One of the most impor-
tant factors during the assembly process is the dispersion 
of MXene flakes in colloidal solutions, which has a great 
impact on optimizing the internal structure of the MXene 
films. Uniform and closely-integrated MXene-based com-
posite films cannot be formed because of the poor interac-
tions between MXene sheets and other additives. Therefore, 
more attempts should be made to enhance the interactions 
between MXene sheets and other materials. This goal can 
be realized by modifying the charge distribution on the 
MXene surfaces via surface modification or a charge screen-
ing effect. With the increasing emergence of the fabrication 
methods, materials with various functionalities can be intro-
duced to compound with MXenes and MXene films to obtain 
a novel internal structure, which will further accelerate their 
extensive applications in different fields.

Applications and Working Mechanisms 
of MXene Films

MXene films show great application potential in many fields 
because of their abundant surface terminations, various com-
positions, and high hydrophilicity. MXenes and their hybrid 
films have especially excellent metallic conductivity and 
high flexibility, making them be widely regarded as poten-
tial candidates for flexible electrochemical devices [62]. 
Additionally, MXene films have extraordinary permeation 
and highly efficient selection properties that result from the 
regular sub-nanometer channels and abundant surface-termi-
nating groups on the MXene nanosheets and are novel mate-
rials in the gas separation and liquid separation fields. In 
addition, MXenes also possess characteristics, such as high 
specific surface area, easy absorption of electromagnetic 
radiations, and controllable thickness, which are attractive 
to fields of EMI shielding and solar desalination. Although 
MXene films have been widely investigated in many fields, 
some crucial problems still exist, such as time consumption 

and poorly understood mechanisms, which greatly limit their 
practical applications. To overcome these drawbacks, many 
researchers have made innovative improvements in MXene 
films. In this section, we summarize the main applications of 
MXene films, and simultaneously highlight the correlations 
between compositions, structure, and performances.

Energy Storage

MXenes, promising energy storage materials, have been 
mainly investigated in batteries and supercapacitors 
[101–103]. Theoretical research combining with many 
experiments showed that the electrical properties of MXenes 
are similar to those of metals and semiconductors, which is 
related to their elemental composition and surface terminal 
groups [104]. Ideal pristine MXenes are metallic; however, 
they can be turned into semiconductors after surface func-
tionalization. Similar to other 2D materials, both organic/
inorganic molecules and various ions can spontaneously 
perform intercalation between MXene layers, which offers 
a larger surface area for charge storage and provides an 
attractive pathway to enhance the conductivity of layered 
materials by increasing the carrier concentration. MXenes 
also have broad application prospects in flexible consumer 
electronics because of the graphene-like flexibility and 
metal-like electric conductivity [105–108]. Additionally, 
a great deal of effort has been devoted to improving the 
electrochemical performances of MXene-based films [109, 
110]. However, pristine MXene films still cannot meet the 
requirements of practical applications because of the easy-
stacking between sheets, lack of mechanical strength, and 
relatively low energy density. Therefore, MXenes are usu-
ally compounded with other materials (polymers, inorganic 
materials, etc.) to fabricate composite films or loaded onto 
various substrates. Another strategy is to tune the internal 
structure of MXene films to increase the ion transport, thus 
improving the energy storage performance. Various innova-
tive methods and research on the electrochemical perfor-
mance improvement of MXene films appeared in response 
to these problems. Therefore, we subdivide this literature 
into two major topics: (1) supercapacitors and (2) batteries. 
For supercapacitors, we mainly analyze the studies focused 
on MXene-based composite electrodes and the correspond-
ing construction of ion transport channels. For batteries, we 
highlight Li–S batteries, Na-ion batteries, Li-ion batteries, 
and their corresponding stimulations. Their electrochemistry 
performance can be seen in Table 3.

Supercapacitors

The increasing miniaturization and portability of wearable 
consumer electronics has stimulated the rapid development 
of supercapacitors [111–113], which play an important role 
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in our daily life with their long cycle life, charging/discharg-
ing rates, and high energy density. Supercapacitors com-
prised of novel electrode materials have caused widespread 
attention in recent years and are thought to affect the devel-
opment of next-generation electronic devices well. MXene 
films are attractive as advanced electrodes in supercapacitors 
given their high electric conductivity, excellent mechani-
cal property, and Faraday pseudocapacitive charge storage 
mechanism [114, 115]. Theoretically, the functionalization 
of –F and –OH on the surface of MXenes may contribute 
to its mechanical tensile stress, which enables MXene films 
to have much better tolerance to both biaxial and uniaxial 
tension than graphene because the surface functionalization 
can suppress the breakdown of atomic layers and enhance 
the mechanical elasticity [116]. Alternatively, the Faraday 
pseudocapacitance is derived from changes in the oxidation 
states of surface Ti atoms, which is caused by the reversible 
insertion/distraction of protons and is not diffusion-limited 
[31, 117].

Ti3C2Tx, one of the most studied MXene materials, has 
been extensively used in supercapacitors. Studies demon-
strate that a self-supported  Ti3C2Tx film electrode can deliver 
a volumetric capacitance of 300–400 F/cm3 in neutral or 
alkaline electrolytes, which is greater than those of most 
carbon-based double-layer capacitors and comparable to 

graphene electrode [118, 119]. In early research, Ghidiu 
et al. [31] crushed the clay-like MXene into films as the 
electrode of supercapacitors (Fig. 12a). When  H2SO4 solu-
tion was used as the electrolyte, the volumetric capacitance 
and gravimetric capacitance were up to 900 F/cm3 and 245 
F/g at 2 mV/s, respectively (Fig. 12b). This increase can 
be attributed to the smaller size of  H+ compared with the 
other intercalating cations, surface redox processes, and 
larger interlayer spacing between LiF + HCl-etched MXene 
flakes than the previously HF-etched samples. In addition, 
this work also analyzed the impact of thickness on the volu-
metric capacitances. Not surprisingly, thicker electrodes 
showed decreased capacitance, which is ascribed to poor 
flake alignment and long ion transport pathways. In addition, 
the MXene clay is hydrophilic and layered, and water mol-
ecules slide between sheets as it hydrates, making it malle-
able and easy to shape. In order to shorten the ions transport 
pathways in thicker films, a more innovative and effective 
method has been proposed, which alters the self-assembly 
ways of MXene sheets from parallel to the electrode to verti-
cal alignment (Fig. 12c) [120]. However, the study reveals 
that the colloidal solution of titanium carbide nanocrys-
tals could exhibit long-range orientation similar to that of 
disc-like liquid crystal molecules; however, the interac-
tions between the nanocrystals were too weak to effectively 

Table 3  Comparison of MXene-based films in applications of supercapacitors and batteries

MXene-hybrid film Synthesis method Assembly technique Application Current density Capacitance/capacity References

Ti3C2Tx HCl + LiF Rolling Supercapacitors 2 mV/s 900 F/cm3 [31]
Ti3C2Tx/SWCNT HF etching VAF Supercapacitors 2 mV/s 390 F/cm2 [97]
Ti3C2Tx/rGO HF etching VAF Supercapacitors 2 mV/s 435 F/cm2 [97]
Ti3C2Tx/antimonene HF etching VAF Supercapacitors 0.5 mA/cm2 4255 F/cm3 [123]
Mo1.33C/PPy HF etching Electrochemical polym-

erization
Supercapacitors 0.2 mA/cm2 333.9 F/cm3 [100]

Ti3C2/PDDA HF etching VAF Supercapacitors 2 mV/s 296 F/cm3 [77]
Ti3C2/PPy HCl + LiF VAF Supercapacitors 5 mV/s 1000 F/cm3 [143]
Ti3C2Tx/BC HCl + LiF VAF Supercapacitors 3 mV/s 2084 F/cm2 [110]
Ti3C2Tx HCl + LiF Spin-coating Micro-supercapacitors 1.0 µA/cm2 470 µF/cm2 [85]
Ti3C2Tx/rGO-PDDA HCl + LiF Electrostatic self-

assembly
Supercapacitors 2 mV/s 1040 F/cm3 [93]

Ti3C2 HF etching VAF Li-ion batteries 1 C 410 mA·h/g [60]
Mo2TiC2 HF etching VAF Li-ion batteries 1 C 176 mA·h/g [144]
Ti3C2/PEDOT HCl + LiF VAF Li-ion batteries 100 mA/g 295 mA·h/g [137]
Ti3C2Tx HCl + LiF CP Li-ion batteries 0.1 C 295 mA·h/g [98]
Ti3C2/rGO HF etching VAF Li-ion batteries 0.05 A/g 336 mA·h/g [145]
Ti3C2Tx/CNT HF etching VAF Li-ion batteries 0.1 C 1250 mA·h/g [146]
Ti3C2Tx/S HCl + LiF VAF Li–S batteries 0.1 C 1383 mA·h/g [109]
Ti3C2Tx/S HCl + LiF VAF Li–S batteries 0.1 C 1029.7 mA·h/g [113]
Ti3C2Tx HCl + LiF VAF Na-ion batteries 2.5 C 295 mA·h/g [141]
Mo2CTx HCl + LiF VAF Na-ion batteries 2.5 C 290 mA·h/g [141]
PDDA-BP/Ti3C2 HCl + LiF Electrostatic self-

assembly
Na-ion batteries 0.1 A/g 1112 mA·h /g [140]
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maintain orientation because of the wide distribution of 
the lateral sizes [121]. The introduced nonionic surfactant 
 (C12E6) could strongly interact with functional groups (such 
as –O and –F) on the surface of MXene to align sheets more 
orderly, thereby increasing the packing symmetry. In addi-
tion, single-walled carbon nanotubes were also added to 
improve the structural stability and conductivity. Finally, 
the vertical alignment was obtained by a uniaxial in-plane 
mechanical shear force to the discotic lamellar liquid–crys-
tal phase. Furthermore, the possibility of using vertically 
aligned MXene nanosheets as supercapacitor electrodes pre-
pared via VAF was investigated. The results showed that the 
rate performance of the films has nearly full independence 
from thicknesses ranging from 40 µm to 200 µm, especially 
below 2000 mV/s (Fig. 12d, e). The thickness-independent 
electrochemical performance could be ascribed to the verti-
cally arranged flakes, in which ions can realize directional 
transport. Kong et al. [122] presented a reduced-repulsion 
freeze-casting assembly technique via engineering interlayer 
interactions for constructing 3D porous  Ti3C2Tx films. To 
weaken the interlayer repulsion, KOH solution was added to 
the  Ti3C2Tx suspension to decrease the electronegativity via 
functional group substitution and a charge screening effect. 
Notably, the porous pseudocapacitor electrodes delivered a 
high capacitance of 358.8 F/g at 20 mV/s, higher than that of 
filtered  Ti3C2Tx film (251.5 F/g). The superior capacitance 
was ascribed to the increased MXene surface area and fast 
ion diffusion.

Easy restacking between delaminated MXene sheets is 
inevitable during the fabrication process because of the 
strong Van der Walls forces and hydrogen bond interactions 
between the interlayers, which hinders the accessibility to 
electrolyte ions and limits the full utilization of active sites. 
To tackle this issue, one efficient strategy has been exten-
sively investigated for increasing the space between MXene 
layers by introducing additive interlayer spacers. Carbon 
materials (such as graphene and carbon nanotubes) have 
both good conductivity and large lateral size/length, which 
can significantly expand the layer spacing and enhance the 
capacitance of MXene-based supercapacitors without sac-
rificing conductivity and energy density. Zhao et al. [97] 
incorporated MXene with 0D onion-like carbon (OLC), 
1D CNTs), and 2D graphene to fabricate a novel sandwich 
structure, respectively, and then directly used the compos-
ite film as an electrode for flexible supercapacitors. When 
1 mol/L  MgSO4 solution was used as the electrolyte, the 
volumetric capacitance of pristine  Ti3C2Tx film was 360 F/
cm3 at 2 mV/s. When the scan rate reaches 200 mV/s, the 
capacitance of pristine  Ti3C2Tx was only 162 F/cm3, while 
those of the sandwich structure  Ti3C2Tx composite films 
were 218 F/cm3, 280 F/cm3, and 320 F/cm3, respectively. 
Moreover, the rate performance of these hybrid films was 
further improved compared with that of pristine  Ti3C2Tx 
films, which is attributed to the enhanced electrical conduc-
tivities of the sandwich-like structures. However, the inher-
ent low capacitance of carbon materials partially restrains 

Fig. 12  a Images of clay-like MXene and rolled films. b Rate per-
formance of rolled electrodes with different thicknesses.Reproduced 
with permission [31]. Copyright 2014, Nature Publishing Group. c 
Schematic of the vertically aligned  Ti3C2Tx MXene films. d Compari-
son of the cyclic voltammograms of the indicated samples, including 

filtered MXene paper and MXene lamellar liquid crystal (MLLC) 
films, at a scan rate of 100  mV/s. e Rate performance of vacuum 
filtrated films and MLLC films at scan rates ranging from 10 to 
100,000 mV/s. Reproduced with permission [120]. Copyright 2018, 
Nature Publishing Group
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the further enhancement of the overall capacitance of the 
MXene films. Similarly, to further incorporate interlayer 
spacers with high specific capacitance and conductivity, Yu 
et al. [123] combined two kinds of 2D olefinic materials by 
introducing antimonene to hybridize with MXene, which 
simultaneously approached the state-of-the-art capacitance 
and excellent flexibility. The introduction of antimonene into 
freestanding MXene films could expand the spacing between 
MXene layers in MXene-based electrodes and maintain the 
original flexibility, thus realized a remarkable areal capac-
itance of 3403 mF/cm2 in 1 mol/L  H2SO4. The excellent 
energy storage performance of antimonene/MXene films 
was attributed to the synergistic effect between  Ti3C2Tx and 
antimonene. First, the ordered layer-by-layer inner structure 
in the hybrid films could increase the electron diffusion at 
the interfaces. Second, both  Ti3C2Tx and antimonene are 
highly active pseudocapacitive materials, whose interstrati-
fied molecular-level coupling optimized the charge transfer 
between the two species. Additionally, various studies have 
revealed that different cations (such as  Al3+,  Li+,  NH4+, 
 Mg2+,  Na+, and  K+) can chemically or electrochemically 
intercalate into MXenes layers, which can increase the layer 
spacing in varying degrees and improve the volume volu-
metric capacitance [44, 118, 124]. For example, Lukatskaya 
et al. [118] reported that the intercalation of a variety of 
cations with various charges and sizes between MXene lay-
ers could significantly improve the capacitance of  Ti3C2Tx 
MXene electrode films prepared from the multilayer  Ti3C2Tx 
powder. To obtain the cation intercalated electrode films, the 
 Ti3C2Tx flakes were treated by being dispersed in various 
aqueous solutions (acid, alkali, salt), respectively, and sub-
sequently filtered on a polyester membrane. Benefiting from 
the increased spacing and accessibility, the  T3C2Tx paper 
electrodes manifested intercalation-induced high capaci-
tances and decreased resistance.

The support-free MXene films, even MXene/inorganic 
additive composite films, possess relatively high flexibility 
and capacitance; however, they still face serious problems 
in achieving flexible devices, mainly because of the small 
lateral size and high stiffnesses of the MXene nanosheets 
[125]. Taking the advantages of the flexible structure of 
polymer chains and excellent adhesion of MXene/polymer 
composite membranes, molecular-level coupling between 
MXene sheets and macromolecules can be achieved by 
intercalating polymers into MXene sheets, which provides 
a new option and is considered to have immense poten-
tial for the fabrication of MXene-based composite films 
in flexible supercapacitor with excellent electrochemi-
cal performance. These polymer-insert agents suppress 
the restacking of MXene sheets and remarkably enhance 
the flexibility and ion transport rate of MXene/polymer 
composite membranes. For example, Wang et al. [110] 
fabricated an extremely flexible polymer/MXene hybrid 

film with engineering 3D ion transport channels (Fig. 13a), 
which exhibited attractive electrochemical capacitance and 
excellent mechanical strength. Bacterial cellulose (BC) 
was chosen as the substrate for loading MXene because 
of its ultra-fine interconnected nanofiber network, excel-
lent water retention performance, and high tensile strength 
[126, 127], which enables the high mechanical strength 
and faster electron transport in the microchannels. The 
MXene/BC composite electrode with MXene loading of 
5 mg/  cm2 showed ultra-high capacitance of 2084 mF/cm2 
at 3 mA/cm2 and 1304 mF/cm2 at 50 mA/cm2 (Fig. 13b, 
c), high deformation (bendable, and even foldable), and 
excellent mechanical strength (three times greater than 
that of pristine MXene electrodes). The honeycomb-like 
architecture formed by interconnected MXene sheets in 
the film had a high capacitance, which accelerated con-
tacts between electrolyte ions and redox-active sites and 
reduced the ion transport pathway. MXene/polymer com-
posite membranes with conductive polymers are also 
widely investigated because of the excellent conductivity 
and increased mechanical properties.  Ti3C2/polypyrrole 
(PPy) and  Ti3C2/polyaniline (PANI) films have been suc-
cessfully fabricated via VAF, and their electrochemical 
performance was systematically investigated [128, 129]. 
The composite films exhibited enhanced cycling stability 
and higher pseudocapacitive charge storage than a neat 
MXene membrane. In addition to fabricating compos-
ite membranes with polymers or other additions, novel 
asymmetric supercapacitors with pristine MXene mem-
branes and conductive polymers as the anode and cathode, 
respectively, have also been developed. Boota and Gogotsi 
[130] reported an organic–inorganic asymmetric device 
in which  Ti3C2Tx MXene serves as a general pseudoca-
pacitive anode material for a range of conductive polymer 
(CP)-containing cathodes [PANI, PPy, and poly(3,4-eth-
ylenedioxythiophene) (PEDOT)] (Fig. 13d). The materials 
with different chemical properties electrochemically com-
plement each other in a device, which create an expanded 
voltage window of up to 1.45 V and excellent cycling per-
formance in 3 mol/L  H2SO4 solution. The shape of the 
CVs in these asymmetric devices is similar to a pair of 
distinct redox peaks before and after 20,000 cycles, among 
which the PANI-containing devices showed a high capaci-
tance retention (nearly 88%) (Fig. 13e). Subsequently, Li 
et al. [12] designed a flexible asymmetric pseudocapacitor, 
in which a wavy  Ti3C2Tx MXene film was used as a nega-
tive electrode and a compact rGO/CNT/PANI was used as 
a positive electrode. In this work, polystyrene (PS) spheres 
were used as a template to fabricate 3D porous  Ti3C2Tx 
films, which were then further transformed into flexible 
and freestanding wavy  Ti3C2Tx films by mechanical com-
pression under 10 MPa. The wavy MXene films exhib-
ited an enhanced volumetric capacitance of 1277 F/cm3 



234 X. Li et al.

1 3

and 89% capacitance retention rate at 1000 mV/s because 
of the facilitated ion transport and highly compact struc-
ture. More importantly, the solid-state device fabricated 
with PVA/H2SO4 gel electrolyte delivered a maximum 
volumetric energy density of 63.5 W·h/L and a maximum 
volumetric power density of 34.3 kW/L, greater than the 
reported  Ti3C2Tx/rGO quasi solid-state asymmetric device 
(11.1 W·h/L, 18 kW/L) [131].

These MXene-based films produce supercapacitors with 
high specific capacitance, enhanced energy, and enhanced 
power density. Moreover, the excellent flexibility and out-
standing mechanical properties promote the development 
of flexible supercapacitors, which are promising to meet 
the rigid requirements for powering wearable electronics. 
Although various types of MXenes have been successfully 
synthesized, most studied MXene films applied to superca-
pacitors are mainly based on a few kinds of MXene materials 
(such as  Ti3C2 and  Mo1.33C). Therefore, vast efforts should 
be devoted to exploring the feasibility of novel MXenes 
with different transition metal atoms in supercapacitors. In 
addition, the electrochemical performance of MXene-based 
films can be enhanced via subsequent processing, includ-
ing surface treatment, internal structure engineering, and 
the combination of other MXene flakes with various addi-
tives, even novel synthesis methods and integrated design 
of supercapacitors.

Batteries

Batteries are currently one of the most widely used electro-
chemical power sources applied in mobile devices. Tremen-
dous efforts have been devoted to the performance improve-
ment of Li–S batteries, Li-ion batteries (LIBs), and Na-ion 
batteries. Although batteries have great importance and are 
extensively used in practical applications, some intrinsic 
properties cause deficiencies as well, such as the shuttle 
effect of soluble  Li2Sx in Li–S batteries, slow  Li+ transport 
rate, and poor redox reaction dynamics in LIBs. Importantly, 
with the rapid development of green batteries and the pursuit 
of small, light, thin, and flexible batteries, MXene-based 
electrodes (mainly involving MXene membranes in this 
paper) are expected to realize these goals for its lower Li 
diffusion barrier (0.07 eV), abundant surface redox reac-
tion, and superior electrical conductivity. In Li–S batteries, 
the insulative effect of elemental sulfur, the shuttle effect 
of soluble  Li2Sx, and the volume expansion of sulfur dur-
ing charging and discharging processes lead to poor cycling 
performance of Li–S batteries and low utilization of active 
materials, which severely restrict their development and 
practical application [132, 133]. Regarding the issue above, 
Tang et al. [109] fabricated a highly flexible  Ti3C2Tx conduc-
tive film using a VAF method and evenly fixed amorphous S 
on the surface of  Ti3C2Tx flakes by physical vapor deposition 

Fig. 13  a Schematic of fabricating the porous  Ti3C2Tx architecture. 
b Areal capacitance and c gravimetric capacitance of MXene/BC 
films and pristine MXene electrodes with MXene loading 1.8 mg/cm2 
and 5 mg/cm2. Reproduced with permission [110]. Copyright 2019, 
Wiley-VCH. d Fabrication process of organic–inorganic asymmet-

ric devices. e Cycle life performance of the optimized compositions. 
Insets in e are the CV curves before and after long cycling of the 
devices. Reproduced with permission [130]. Copyright 2019, Wiley-
VCH
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(Fig. 14a). The  Ti3C2Tx/S conductive paper demonstrated 
the similar flexibility to pristine  Ti3C2Tx films, whose frac-
ture stress, fracture strain, and conductivity were up to 
79.6 MPa, 1.8%, and 1650 S/cm, respectively (Fig. 14b, c). 
Importantly, the film delivered a high capacity (1383 mA·h 
/g at 0.1 C) and an ultralow capacity decay rate (0.014% 
after 1500 cycles). To reveal the mechanisms behind the 
excellent cycling performance, XPS analysis was used to 
investigate the surface chemistry of various samples and the 
growth kinetics of the sulfate complex layer. Lithium poly-
sulfides (LiPSs) physically confined on the surface of polar 
MXene flakes will further interact with oxygen-containing 
functional groups and exposed Ti atoms, which will lead 
to the formation of a thiosulfate thin layer and further react 
with LiPSs to form a sulfate. With these reactions, the thick-
ness of the sulfate gradually accumulates during the cycles, 
and an effective sulfate complex layer is formed to func-
tion as a protective membrane. This membrane is beneficial 

for inhibiting the LiPSs shuttle effect and then reasonably 
increasing the cycling performance.

MXene, part of the growing 2D family, with good con-
ductivity and short  Li+ diffusion paths, has been directed 
toward  Li+ battery applications. Various studies demon-
strate that the surface morphology of MXenes greatly 
affects the performance of LIBs. DFT computations on 
the  Ti3C2 monolayer with bare, fluorinated, and hydroxy-
lated surfaces showed that the electronic properties were 
strongly associated with the surface terminations. Spe-
cifically, the bare  Ti3C2 monolayer presents a low barrier 
for  Li+ diffusion and delivers high Li storage capacity, 
while –F and –OH functionated surfaces block Li transport 
and decrease the Li storage capacity. This computational 
investigation demonstrated the potential of MXene-based 
films for Li-ion battery anodes [134]. Similar to the above 
DFT computations, Yan et al. [135] employed first-prin-
ciples calculations to investigate the influence of –S/–O 

Fig. 14  a Schematic of the  Ti3C2Tx/S composite paper. b Electronic 
conductivity and c stress–strain curve of pristine  Ti3C2Tx paper, 
 Ti3C2Tx/S paper, and  Ti3C2Tx-S mixture electrodes. Reproduced 
with permission [109]. Copyright 2019, Wiley-VCH. d Schematic of 
lithium plating on bare lithium and parallelly aligned MXene (PA-
MXene) layers. e Cycling performance and Coulombic efficiency 

of a PA-MXene-Li/LiFePO4 full cell. Inset in e is the charging and 
discharging profiles of the cell from 10 to 400 cycles. f Rate perfor-
mance of PA-MXene-Li/LiFePO4 and Li/LiFePO4 cells at different 
rates ranging from 5 to 30 C. Reproduced with permission [138]. 
Copyright 2019, Wiley-VCH
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terminations on the structural properties and lithium stor-
age capacity of  V2C MXene. The feasibility of  V2CT2 as a 
LIB anode is assessed by the  Li+ adsorption abilities of the 
functionalized 2D materials. Simulation results showed 
–O/–S terminated  V2C exhibited a lower  Li+ diffusion 
barrier and a larger  Li+ capacity than –F/–OH terminated 
 V2CTx, which favors the potential for alternative anodes. 
Note that various works have taken advantage of the abun-
dance of functional groups on the surface of MXenes, and 
various MXene-based films were successfully fabricated 
that exhibited excellent lithium-ion storage capacity and 
a long cycle life in LIB applications. As revealed by Wei 
et al. [136], terminated functional groups (such as –O, 
–OH, and -F) on the surface of MXene and liquid metal 
(3 °C GaInSnZn) can easily react with oxygen to form a 
thin oxide layer on the surface, which can facilitate the 
practical adhesion between MXene paper and liquid metal. 
On the basis of the flexible nature of MXene paper and 
excellent fluidity of liquid metal, a lightweight, flexible 
and freestanding MXene/liquid metal paper was fabri-
cated as an anode for LIBs, in which liquid metal was 
confined in the matrix of MXene paper. Given the high 
electrical conductivity (2500 S/cm) and excellent wetta-
bility (36.4°) between liquid metal and MXene paper, this 
flexible composite paper exhibited significantly increased 
energy density (507.42 mA·h/g at 50 mA/g) in batteries 
without binders or conductive additive. Chen et al. [137] 
reported a  Ti3C2/PEDOT hybrid membrane with excellent 
lithium-ion-storage performance because of the synergistic 
effect of the increased interlayer spacing and facilitated 
interface redox processes. Tested in lithium-ion half cells, 
the  Ti3C2/PEDOT electrode showed enhanced reversible 
capacity (∼ 300 mA·h/g) and increased cycle stability com-
pared with both pristine  Ti3C2 membrane and neat PEDOT 
electrodes. After 100 cycles, the capacity of the  Ti3C2/
PEDOT electrode maintained 255 mA·h/g while pristine 
 Ti3C2 and conventionally synthesized PEDOT remained 
only 195 and 237 mA·h/g, respectively. The enhanced 
capacity is ascribed to the fast electrolyte diffusion and 
the synergistic effect originating from the surface redox 
processes between PEDOT and  Ti3C2 layers. Yang et al. 
[138] also demonstrated that the parallelly aligned MXene 
sheets could effectively induce the nucleation and growth 
of lithium metal on its surface, producing dendrite-free 
metal anodes for metal ion batteries (Fig. 14d). These 
parallelly aligned MXene thin films were fabricated via 
a facile self-assembly procedure at a water/air interface. 
The hybrid films were then fabricated by a simple roll-to-
roll method and used as an anode in lithium metal batter-
ies. The hybrid anodes possessed a long life up to 900 h 
at 1 mA·h/cm2 and 400 h even at excellent deep strip-
ping–plating capacities up to 35 mA·h/cm2. To further 
examine the real practicability, a full cell with  LiFePO4 

(LTP) as a cathode was constructed, which presented high 
stability up to 500 cycles with a capacity of 140 mA·h/g 
at 1 C (1 C = 172 mA·h/g) and 83.5 mA·h/g even at 30 C 
(Fig. 14e, f). The excellent electrochemical performance 
is ascribed to the large amount of fluorine terminations 
on the MXene surfaces, which can form a uniform and 
dense solid electrolyte interface with LiF and effectively 
optimize the electromigration of lithium ions.

Sodium-ion batteries are another essential energy 
storage device because of their security and low-cost. In 
addition,  Ti3C2 sheets with –F, –O, and –OH termina-
tions are approximately 0.19, 0.2 and 0.013 eV on  Na+ 
diffusion barriers, respectively, demonstrating superior 
 Na+ diffusion kinetics and great application potential in 
sodium-ion batteries [139]. Zhao et al. [140] synthesized 
molecular-level coupling PDDA-BP/Ti3C2 heterostruc-
tures via an electrostatic attraction self-assembly strategy, 
which play to the advantages of the high capacity of black 
phosphorene (BP) and excellent electronic conductivity 
of  Ti3C2. The freestanding films exhibited an ultra-high 
reversible capacity (1112 mA·h/g) after 500 cycles and 
showed excellent cycling stability. In addition, DFT cal-
culations were performed to reveal the underlying mecha-
nism of the sodiation and relaxation process when adding 
Na on top of the surface functional groups (such as –F, 
–O, and –OH). The simulation results manifest that the 
enhanced sodium storage performance and resultant ultra-
high reversible capacity may be ascribed to the fast ion 
diffusion and charge transfer kinetics originating from the 
mixed absorption and decreased binding energy. By pro-
cessing the various 2D MXene flakes  (V2CTx,  Ti3C2Tx, and 
 Mo2CTx) onto hollow spheres (PMMA), respectively, and 
further forming 3D architectures via a sacrificial template 
approach, freestanding, flexible, and highly conductive 
3D macroporous MXene films were successfully fabri-
cated [141]. The 3D MXene films manifested enhanced 
Na-ion storage capacity and improved reversible capaci-
ties (295, 310, and 290 mA·h/g at 2.5 C obtained by 3D 
 Ti3C2Tx,  V2CTx, and  Mo2CTx films, respectively). After 
1000 cycles at 2.5 C, the hybrid films exhibited higher 
capacity retention (53.8%, 55.3%, and 51.2% retained 
by 3D  Ti3C2Tx,  V2CTx, and  Mo2CTx films, respectively) 
than those previously reported for the  Ti3C2Tx/CNT film 
electrode (≈ 40%) [142]. The enhancement of Coulombic 
efficiency is ascribed to the partial removal of surface ter-
minations on MXene surfaces via thermal annealing dur-
ing the preparation process, and another contribution was 
attributed to the optimized surface chemistry of MXenes.
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Gas and Liquid Separations

Gas Separation

A MXene membrane assembled from MXene sheets has 
regular interlayer transport channels and abundant surface 
terminal groups to assist gas separation, which can effec-
tively screen and separate various gas molecules. Sheet-on-
sheet stacked MXene membranes with aligned and regular 

sub-nanometer channels have been successfully applied to 
the separation of  H2 and  CO2 (Fig. 15a). The freestanding 
MXene membranes were fabricated on an AAO support via 
VAF method. The 2D laminated structure allows hydrogen 
to pass freely between the sheets while larger gas molecules 
are selectively rejected, which causes excellent gas separa-
tion performance with  H2 permeability > 2200 Barrer and 
 H2/CO2 selectivity > 160, as shown in Fig. 15b. The bet-
ter permeability and selectivity of MXene membranes are 

Fig. 15  a Schematic of the free space between adjacent MXene 
flakes in the membrane. b Separation performance for  H2/CO2 in 
2-μm-thick MXene membrane. Reproduced with permission [70]. 
Copyright 2018, Nature Publishing Group. c Schematic of the MXene 
films for  H2-selectivity and  CO2-selectivity. d Solubility (S) and dif-

fusivity (D) of MXene-based films for  H2 and  CO2. e Sorption selec-
tivity (αS) and diffusion selectivity (αD) for  H2/CO2 in different 
MXene-based nanofilms. Reproduced with permission [68]. Copy-
right 2018, Wiley-VCH
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related to their chemical composition and structure, which 
is superior to other separation membranes using physical 
capture such as a graphene membrane [147]. Molecular 
dynamic simulations were performed to study the transfer 
process to better illustrate the gas separation mechanism. 
These models were largely consistent with experiments, 
which indicated molecular sieving occurred during the gas 
diffusion process [70].

Shen et al. [68] reported the design and engineering of 
the MXene membrane for efficiently separating  H2/CO2 
(Fig. 15c), which has highly tunable transport channels and 
ultrathin thickness. The  CO2 solubility and  CO2/H2 sorption 
selectivity of MXene nanofilms modified with polyethylen-
imine (PEI) and borate were greatly improved (Fig. 15d, e). 
Interestingly, borate and PEI-functionalized MXene lami-
nates showed tunable interlayer spacing and preferential  CO2 
selective penetration over  H2 while the  CO2/H2 permeation 
selectivity is only 1.4 because of the lower diffusivity origi-
nating from  CO2 being larger than  H2.

Liquid Separation

MXenes provide new sight into developing advanced liq-
uid separation membranes because of the desirable proper-
ties for ion separation in an aqueous solution, such as the 
abundant terminations on the surface, hydrophilic nature, 
and sufficiently large specific area. The assembled MXene 
membranes possess extremely short transport pathways and 
abundant nanochannels. Moreover, the transport channels 
between MXene layers can be tuned by the type of inserted 
ions/organic molecules and the size of flakes [148]. There-
fore, MXene membranes have attracted attention in water 
purification and have been proved to possess extraordinary 
permeation properties. Ren et al. [149] pioneered the use 
of MXene membranes to realize charge- and size- selec-
tive rejection of ions and molecules, studying the corre-
lation between water flux and membrane thickness. The 
micrometer-thick  Ti3C2Tx membranes possessed ultrafast 
water permeation (37.4 L/(bar h  m2)) as well as attractive 
separation property toward single-, double-, triple-charged 
metal cations and dye cations with varying sizes. The ions 
with radii larger than the interlayer distance demonstrated 
a low permeation rate (∼ 7 ×  10−4 mol/(hm2) because they 
did not pass through the  Ti3C2Tx membrane. Moreover, by 
electrically modulating the surface charge of  Ti3C2Tx with 
an applied voltage (electrochemical filtration), the ion siev-
ing process can be further enhanced. In addition, Wang et al. 
[67] successfully prepared a 2D lamellar membrane with 
ultrashort transport pathways and abundant nanochannels 
using simple filtration. The positively charged Fe(OH)3 col-
loidal solution was used as a pore former to create expanded 
channels through intercalating layers of negatively charged 
MXene flakes. This MXene membrane could reject particles 

with a diameter larger than 2.5 nm in water (> 90%) and still 
maintain high water permeation and excellent stability (more 
than 1000 L/(m2 hbar) after continuously operating for 24 h. 
Subsequently, an  Al3+ intercalated and non-swelling MXene 
membrane was prepared via a simple “concentration dif-
fusion” method.  Al3+ played a crucial role in firmly fixing 
the MXene layers through the interaction with oxygen-
containing terminal groups on the MXene surfaces and pro-
vided  Al3+-intercalated MXene membranes an opportunity 
to withstand the high driving force induced in a high salt 
concentration. Compared with pristine MXene membranes 
without any treatment, the  Al3+-intercalated MXene mem-
brane effectively inhibited the swelling in the aqueous solu-
tion. The ion-intercalated membrane showed both a high 
salt rejection rate (NaCl, 99.5%) and improved water flux 
(2.81 L/(m2 h)) [150].

Additionally, Xie et al. [151] reported a novel 2D MXene-
based separation membrane for removing multiple kinds of 
charged heavy metal ions (HMIs) from water without pres-
sure. The microchannel structure of the membrane was 
optimized through the intercalation of rGO flakes between 
MXene layers. Furthermore, the effect of  Ti3C2Tx terminal 
groups on the favorable surface interactions between HMIs 
and  Ti3C2Tx was studied by DFT calculations. The results 
showed that the charge transfer in the most stable configura-
tions could drive the reductive removal of  HCrO4

− via the 
enhancement of  HCrO4

− absorption.

Electromagnetic Interference Shielding

The role of EMI shielding is to cut off the propagation of 
electromagnetic waves to eliminate interference. Shielding is 
a basic and effective way to solve the problem of electromag-
netic interference. The main function or mechanism of EMI 
shielding materials is to reflect electromagnetic radiations by 
charge carriers that interact directly with the electromagnetic 
field [152]. Good EMI shielding materials should exhibit 
excellent performance in two aspects: reduce partial harm-
ful electromagnetic radiations and protect internal devices 
from external radiations [153–155]. Therefore, the entire 
surface of the electromagnetic shielding device must be con-
tinuously conductive, and the absorption of electromagnetic 
radiations must occur through the material’s electric and/or 
magnetic dipoles interaction with radiations. In addition, a 
thin, lightweight, and easy-to-fabricate MXene films enable 
superior EMI shielding performance, which indicate great 
potential in the fields of flexible wearable electronic devices 
and aerospace [156].

Shahzad et al. [157] demonstrated that flexible MXene 
films  (Ti3C2Tx,  Mo2TiC2Tx, and  Mo2Ti2C3Tx) and nacre-
like MXene–sodium alginate composite films have poten-
tial applications in EMI shielding. The EMI shielding effect 
(EMI SE) of  Ti3C2Tx film with a thickness of 45 μm was up 



239Advances in MXene Films: Synthesis, Assembly, and Applications  

1 3

to 92 dB (Fig. 16b) because of the high electrical conduc-
tivity of the  Ti3C2Tx films and the multiple internal reflec-
tions between the  Ti3C2Tx interlayers. Shahzad et al. [157] 
proposed a mechanism to explain the high-performance of 
EMI SE (Fig. 16a): MXene will reflect the wave as soon 
as the incident electromagnetic wave (green arrows) strikes 
the MXene surface. Abundant charge carriers on the highly 
conductive surfaces of MXene will reflect part of the elec-
tromagnetic wave into the environment (light blue arrows). 
Part of the electromagnetic wave passing through the MXene 
structure will be absorbed by the induced local dipole result-
ing from the termination groups. Based on the same mecha-
nism, incident waves with lower energy will also undergo a 
similar process when they encounter the next MXene sheets, 
resulting in multiple internal reflections to absorb more inci-
dent waves (dashed black arrows). Each time the electromag-
netic waves pass through MXene sheets during transmission, 
their intensity will decrease sharply, which can attenuate or 
even eliminate EM waves. A comparison with materials pre-
viously studied for EMI SE clearly indicates that MXene and 
MXene-based composites had the best EMI SE, which were 
superior to most materials, including graphene [158–160], 
carbon nanotubes [161], iron oxide [162, 163], polymer-
based foams [164], iron-aluminum–silicon alloy [165], and 
polymer composites with metal base filler [166].

Recently, a  Ti3C2Tx/cellulose nanofibers (CNFs) com-
posite paper with a nacre-like structure was successfully 

achieved with dual strengthening and toughening mecha-
nisms [83]. The abundant active terminal groups on the lay-
ered  Ti3C2Tx surfaces interact with CNFs through hydrogen 
bonds to compensate for the lack of mechanical properties 
of MXenes [28]. Through the interaction between 1D CNFs 
and 2D  Ti3C2Tx, the  Ti3C2Tx/CNF composite paper exhibited 
high tensile strength (up to 135.4 MPa) and fracture strain 
(up to 16.7%) (Fig. 16d). In addition,  Ti3C2Tx/CNF compos-
ite paper possessed high conductivity (up to 739.4 S/m) and 
excellent electromagnetic shielding efficiency while main-
taining an ultrathin thickness (minimum thickness 47 μm). 
The EMI mechanism was shown in Fig. 16c. The EMI SE of 
the  Ti3C2Tx/CNF composite films with 80 wt% of  Ti3C2Tx 
reached 25.8 dB at 12.4 GHz (Fig. 16e), which fully meets 
the commercial shielding requirements. Furthermore, Cao 
et al. [167] constructed an ultrathin and flexible carbon nano-
tubes/MXene/cellulose (CMC) nanofibrils composite paper 
with gradient and ‘sandwich structure’ via facile alternate 
VAF strategy and explored the effect of the proportion of 
different components and internal structures on the EMI SE. 
The ternary composite paper demonstrated a high electrical 
conductivity of 2506.6 S/m and an enhanced EMI SE of 
38.4 dB, which is better than the randomly assembled CMC 
mixture composite paper (23.4 dB) and pure MXene films 
(34 dB). In addition to the excellent EMI SE, the composite 
paper also exhibits an improved mechanical property with a 
tensile strength of 94.9 ± 7.4 MPa and outstanding toughness 

Fig. 16  a Proposed EMI shielding process. b EMI SE of  Ti3C2Tx film 
at different thicknesses. Reproduced with permission [157]. Copy-
right 2016, American Association for the Advancement of Science. 
c Schematic of the EMI shielding process in the  Ti3C2Tx/CNF com-
posite paper. d Tensile strength and tensile strain of the d-Ti3C2Tx/

CNF composite paper with different  Ti3C2Tx contents. e Comparison 
of total EMI shielding effectiveness, microwave absorption (SEA), 
and microwave reflection (SER) at 12.4  GHz of the d-Ti3C2Tx/CNF 
composite paper with different d-Ti3C2Tx contents. Reproduced with 
permission [83]. Copyright 2018, American Chemical Society
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(2.1 MJ/m3), which can meet the requirements for practical 
application in EMI shielding materials, especially in the field 
of wearable or portable electronic devices.

Other Applications

The unique structures and properties of MXene-based films 
indicate their potential for other applications such as cataly-
sis [168] and sensors [169]. For example, the application of 
MXene-based films as electrocatalysts toward superior oxy-
gen evolution reactions (OER) has been reported. Ma et al. 
[168] hybridized graphitic carbon nitrides (g-C3N4) with 
 Ti3C2 sheets to assemble a robust freestanding film, which 
showed efficient and cost-effective electrocatalysts activity 
for OER. Hierarchical pores and a highly hydrophilic surface 
contribute greatly to its excellent performance. The former 
provides a high double-layer capacitance and catalytically 
active surface area. The latter is favorable for aqueous elec-
trolytes in electrochemical devices, which smooths the path-
way for electrolyte ions approaching active sites.

MXenes also exhibit excellent antibacterial effect [170]. 
 Ti3C2Tx has a high antibacterial activity against both Escher-
ichia coli and Bacillus subtilis. After 4 h of exposure to 
200 μg/mL3  Ti3C2Tx, more than 98% of the bacteria lost 
their activity. The antibacterial mechanism of MXenes is 
ascribed to the anionic nature of its surface and oxygen-
containing terminations on which bonding to a lipopolysac-
charide string of the cell membrane through hydrogen bond 
can prevent bacterial contamination by inhibiting nutrient 
uptake [171]. Jastrzebska et al. [172] found that  Ti3C2 had 
an inhibitory effect on E. coli while  Ti2C did not. Combined 
with the XPS analysis of the two materials, the antibacterial 
effect of MXene was considered to be related to its specific 
molecular structure. Rasool et al. [80] applied  Ti3C2Tx sheets 
for water purification and studied the antibacterial activity 
of these  Ti3C2Tx modified membranes. These micrometer-
thick  Ti3C2Tx membranes were fabricated via filtration on 
a polyvinylidene fluoride (PVDF) substrate, demonstrating 
excellent antibacterial activity against Gram-negative and 
Gram-positive bacteria. In addition, they compared the anti-
bacterial rate of fresh and aged  Ti3C2Tx MXene membranes. 
The former showed more than 73% inhibition against B. 
subtilis and 67% against E. coli, while the latter manifested 
over 99% growth inhibition of both bacteria under the same 
conditions. The enhanced antibacterial activity of the aged 
membrane is ascribed to the synergistic effect between the 
 Ti3C2Tx nanosheets and  TiO2/C formed by surface oxidation.

Interestingly, MXenes have excellent photothermal con-
version property, which involves a straightforward and 
highly efficient energy conversion process. The pioneering 
work was proposed by Wang’s group, who were inspired by 
the excellent electromagnetic wave absorption of MXene 
and subsequent heat generation process [173]. In this study, 

MXene sheets exfoliated by a general HF etching method 
were further assembled with PVDF membrane to form a 
self-floating thin membrane. The barrier exhibited a high 
light-to-water evaporation efficiency of 84% and nearly 
100% light-to-heat conversion efficiency under 1 sunlight 
illumination (1 kW/m2). Given the outstanding photother-
mal behavior and salt rejection rate, a hydrophobic/hydro-
philic double-layer evaporation structure was also designed 
for solar desalination [174]. The upper layer is porous, 
hydrophobic, and light-absorbing MXene membrane modi-
fied with trimethoxy(1H,1H,2H,2H-perfluorodecyl) silane 
(PFDTMS), which can realize photothermal conversion, 
vapor evaporation, and salt-blocking. The lower layer is a 
piece of commercial filter membrane for stable water supply. 
The membrane can further be assembled into a whole solar 
steam generation device with commercial polystyrene foam, 
which can act as a thermal insulator and floater (Fig. 17a). 
The heat is localized on a hydrophobic  Ti3C2 membrane 
to avoid directly heating water, thus leading to the quickly 
rising temperature on the membrane surface (an increase 
to ∼ 39 °C in 10 min) because of the non-wettable upper 
layer. Based on this structure, the hydrophobic membrane 
with 10 mg  Ti3C2 loading mass can manifest a stable water 
evaporation rate of 1.31 kg/(m2 h) and the corresponding 
solar steam conversion efficiency up to 71% under only one 
sun. Given the high salt reject rate, the solar steam genera-
tion device delivers extraordinary stability (continuous run-
ning over 200 h) with little salt attaching to the membrane 
surface. Similarly, a Janus, vertically aligned  Ti3C2 MXene 
aerogel with hydrophobic upper layer and hydrophilic bot-
tom layer was engineered for salt resistance in the solar 
desalination process (Fig. 17b) [175].

Given that MXene films and their composite films pos-
sess peculiar physical (metallic conductivity, layered struc-
ture), chemical (abundant surface groups), and biological 
properties (hydrophilicity), some parameters associated 
with these properties may occur subtle deviation as exter-
nal conditions changes. Therefore, MXene-based films can 
also work as sensors to detect the change of external con-
ditions [34]. Various sensing platforms based on MXenes 
have been fabricated to quantitatively detect external stimuli, 
including pressures, ion/gases, sounds, and human activities. 
Stacking properties between MXene flakes can be altered 
by external strain changes, which in turn can change the 
interflake resistance of the devices. Therefore, this property 
can also be utilized to fabricate highly sensitive MXene-
based piezoresistive sensors for detecting slight movements 
of humans. An et al. [176] illustrated that  Ti3C2/PDAC films 
could be used as a strain sensor, which can sense object 
deformations according to the resistance change during the 
deformation process. Compared with traditional graphene- 
or carbon nanotube-based sensors for electronic devices, the 
 Ti3C2/PDAC membrane-based sensor was more suitable for 
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a variety of complex deformation modes while maintaining 
outstanding electronic conductivity. Li et al. [177] prepared 
hydrophobic organic/inorganic composite films using natural 
poly(vinylidene fluoride) trifluoroethylene (P(VDF-TrFE)) 
and multilayer  Ti3C2Tx via a spin-coating method, and then 
fabricated stable piezoresistive pressure sensors (Fig. 17c). 
In addition, a MXene-based piezoresistive sensor with a ran-
domly distributed spinous microstructure was reported that 
was designed and manufactured by a facile abrasive paper 
stencil printing process. This sensor was ultrathin, flexible, 
and highly sensitive, and therefore easy to attach to the skin 
for detecting human activities and human–computer inter-
action (Fig. 17d) [178]. MXenes films can also be utilized 
for detecting various gases and biologically important mol-
ecule because of the active surface functional groups and 
layered structures.  Ti3C2Tx chemical sensors with superior 
sensing properties for volatile organic compounds (VOCs) 
(ammonia, acetone, ethanol, and propanol) in ultralow detec-
tion limits (50–100 ppb) have been synthesized [179]. This 
sensor manifested high selectivity toward hydrogen-bonding 
gases over acidic gases. Moreover, given the  Ti3C2Tx is fully 
covered with active surface terminations, selectivity toward 
various gases may also be adjusted by ligand functionali-
zation or defect control. For example,  Ti3C2Tx sensors via 

surface treatment with fluoroalkylsilane (FOTS) molecules 
provide a superhydrophobic surface, mechanical/environ-
mental stability, and enhanced sensing performance for 
oxygen-containing VOCs (acetone, ethanol, and 2-propanol) 
[180].

MXene-based films are promising alternatives to tradi-
tional 2D films widely used in application fields mentioned 
above because of the various functionalities of MXenes. 
While the emerging MXene nanomaterials are promising 
in the design of performance films, numerous challenges 
still restrict the commercialization of current MXene-
film based devices. For example, MXene-based films are 
not cost-competitive and are difficult to scale-up despite 
the improved performances compared with commercial 
devices. Improved etching methods and novel assemblies 
can be used to further investigate and solve these prob-
lems. Additionally, a reasonable design of MXene-film 
based devices should be further explored and promoted, 
especially in energy-storage devices and flexible electron-
ics. The relationship between property and structure in 
the MXene-based films need to be further investigated by 
theoretical simulation and experiment, which is an impor-
tant step for in-depth research of the nature of MXenes to 
broaden their application fields.

Fig. 17  a Schematic of a solar desalination device based on a hydro-
phobic  Ti3C2 membrane. Reproduced with permission [174]. Copy-
right 2018, Royal Society of Chemistry. b Vertically aligned Janus 
MXene aerogels for solar desalination. Reproduced with permission 
[175]. Copyright 2019, American Chemical Society. c Schematic 
of a flexible pressure sensor (10  mm × 8  mm) and the correspond-

ing pressure mapping profiles of the pixel signals. Reproduced with 
permission [177]. Copyright 2020, American Chemical Society. d 
Design and assembly of piezoresistive sensors with bionic spinous 
microstructure. Reproduced with permission [178]. Copyright 2020, 
American Chemical Society
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Conclusion and Outlook

In summary, we focused on the synthesis methods, assem-
bly technologies, and intriguing applications of MXene-
based films. The practical applications of MXene films 
have been summarized in detail, including electrochemical 
energy storage, EMI shielding, membrane separation, and 
other emerging applications. MXene sheets and compos-
ite films have gained remarkable achievements in various 
applications. Nevertheless, the development of MXene 
film is still in its infancy, and there are still many urgent 
problems that remain to be addressed before the practical 
application of these materials.

Even if the synthesis of various MXenes is feasible by 
theoretical calculation, the practical fabrication is still lim-
ited by the difficulty of synthesizing the corresponding 
MAX phases and instability of MXenes after exfoliation. 
Therefore, new exfoliation and synthesis methods of new 
precursors are urgent problem. Green and mild synthetic 
approaches are necessary for fabricating MXenes with 
high yield and high quality. Additionally, we can devote 
vast attention to the new-style MAX phases with various 
elements (not only conventional Al) to expand the MAX 
family.

Similar to other 2D nanomaterials, morphological 
improvements and surface modifications have a signifi-
cant impact on increasing the number of active sites. 
This is very important for the production of high quality 
MXenes with large-scale sheets and nano-scale defects for 
application to high-performance batteries or capacitors. 
For lithium-ion batteries and sodium-ion batteries, if the 
electrode material has no defects or functional groups, it 
will greatly reduce the initial Coulombic efficiency. In 
addition, a higher specific surface area and pore volume 
can be effectively produced by controlling the porosity 
and curvature of the MXene layer; the addition of specific 
groups has a promoting effect on both aspects.

Although MXenes have achieved outstanding perfor-
mance in many applications, especially in the field of 
electrochemistry, their physical mechanisms need to be 
further studied. The restacking tendency of MXene sheets 
may not be satisfactory in realizing its actual electrochemi-
cal performance, which can result in adverse effects on 
the commercial production of MXene-film based devices. 
For example, when MXene film is fabricated by a simpler 
VAF method, if the nanosheets are self-stacking, the elec-
trochemical performance will decrease from the reduced 
transmission of ions. Therefore, an in-depth study of the 
restacking mechanism is necessary. In addition, the com-
bination of a hydrophilic surface and excellent electrical 
conductivity enables multifunctional design and excellent 
processing performance of MXenes, which provides new 

opportunities for exploring unknown fields and introduce 
a new pathway to the advancement in various applications. 
Another promising prospect is to convert MXene to com-
mercial products [181]. To meet the requirements of indus-
trial application, the technical issues for mass production 
and process integration should be considered. Therefore, 
it is necessary to well understand the exfoliation mecha-
nism of the MAX phase from the most basic structure and 
investigate the mechanism of the fundamental properties 
and functionality of MXenes to scale-up the production 
process in a low-cost and environmentally friendly way.
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