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Abstract  

Since their discovery in 2011, the number of two-dimensional (2D) transition metal carbides 

and nitrides (MXenes) kept steadily increased. In time, they may develop into the largest 

family of 2D materials. Currently more than 40 MXene compositions exist. The ultimate 

number and is far greater. MXenes’ unique properties, such as their metal-like electrical 

conductivity reaching ~20,000 S/cm, render them very useful in a large number of 

applications including energy storage, optoelectronic, biomedical, communications and 

environmental. The number of MXene papers and patents published has been growing 

quickly. The first MXene generation was synthesized using selective etching of metal layers 

from the MAX phases, layered transition metal carbides and carbonitrides using hydrofluoric 

acid. Since then, multiple synthesis approaches have been developed, including selective 

etching in a mixture of fluoride salts and various acids, non-aqueous etchants, halogens and 

molten salts, allowing for the synthesis of new MXenes with better control over their surface 

chemistries. Herein, we provide a historical overview of the first ten years of MXene research 

and a perspective on their synthesis and future development. The fact that their production is 

readily scalable in aqueous environments with high yields, bodes well for their 

commercialization.  
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Introduction 

After the discovery of the unusual physical properties in single- and few-layer graphene in 

2004, two-dimensional (2D) materials captured the imagination of scientist, engineers and 

investors, becoming a very dynamic and exciting research field.
1
 This discovery attracted the 

attention to 2D materials beyond graphene and quickly led to the exfoliation and exploration 

of other materials having readily available layered precursors, from graphite-like hexagonal 

boron nitride h-BN to dichalcogenides and layered oxides.
2
 Soon after, 2D Si,

3
 Ge,

4
 Sn

5
 and 

several other materials that do not have weakly bonded layered precursors was demonstrated. 

This was a clear indication that the family of 2D materials was projected to expand, covering 

numerous compounds with a variety of structures and chemistries. In 2018, the computational 

2D Materials Database (C2DB) reported on a variety of structural, thermodynamic, elastic, 

electronic, magnetic, and optical properties of around 1500 2D materials distributed over 

more than 30 different crystal structures.
6
  This potentially allows for an exciting prospective 

to use 2D building blocks with complementing properties to create artificial materials and 

build entire devices using various assemblies of 2D flakes.
7-8

  

In 2011, and in spite of the existance of numerous 2D materials, the vast majority 

were semiconductors, semimetals or insulators with low electronic conductivities and carrier 

concentrations. As importantly, few 2D materials could be made in amounts sufficient for 

applications outside the microelectronics field. Solution processed 2D materials, except for 

graphene and h-BN, were quite small in flake size due to low mechanical strength leading to 

fracture of 2D sheets during delamination. Many of the the 2D materials were also 

hydrophobic and unstable in air. Therefore, the discovery of a family of 2D carbides and 

nitrides with metallic conductivity, hydrophilicity, ease of processing, relatively high yields 

and large flakes, had a profound effect on the entire materials science field. 

Early transition metal carbides and nitrides are an important class of materials due to 

their high metallic electrical conductivity, high hardness, and excellent chemical stabilities.
9-

11
 They have been explored for decades as bulk ceramic materials mostly for high 

temperature applications and cutting tools.
12

 Other applications include, but are not limited 
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to, functional composites, catalysts and electrochemical energy storage.
12

 However, strong 

bonding in all directions between the transition metal and carbon/nitrogen atoms (mostly 

covalent/metallic bonds)
13

 rendered reducing their dimensionality - from bulk three-

dimensional (3D) solids to nanomaterials including 2D sheets and 1D nanoribbons or 

nanotubes - a challenging task. Thus, unorthodox approaches were necessary to reduce their 

dimensionality. Our approach utilized the difference in strength of metal-metal bonds vs 

metal-carbon/nitrogen bonds to selectively etch monoatomic metal layers from the MAX 

phases. The latter are layered ternary carbides and nitrides with a composition of Mn+1AXn, 

where M is an early transition metal, A is mostly group 13 and 14 elements, X is carbon 

and/or nitrogen, and n =1-4.
14-15

 In a seminal paper in 1996, Barsoum and El-Raghy were the 

first to make single phase pure samples of Ti3SiC2 and demonstrate that it was readily 

machinable and an excellent conductor of electricity and heat.
16

 In 1997,
17

 they showed that 

Ti3SiC2 was one 50 phases, most of which were discovered by Nowotny and coworkers in the 

sixties.
18

 In 1999, Ti4AlN3 was discovered
19

 which led one of us to label them the Mn+1AXn 

or MAX phases.
20

 Structurally, the MAX phases are layered hexagonal (P63/mmc space 

group) materials and can be described as transition metal carbide/nitride sheets of octahedral 

blocks, where the X atoms are in the centers of the octahedrons, glued together with pure A 

layers.  

In 2011 we showed that by simply immersing Ti3AlC2 in HF at room temperature we 

could selectively etch the Al layers leaving behind a 2D titanium carbide – Ti3C2 - for the 

first time.
21

 A year later
22

 we showed that this method of selective etching was applicable to 

many other MAX phases with the aluminum A-layer, which is one of the more ubiquitous A-

elements in MAX phase. It was at this juncture that we labelled this new family MXenes to 

emphasize their relationship to the MAX phases and their dimensionality.
22-23

 In 2011, there 

were ≈ 70 MAX phases; today they number 150
24

, with new ones discovered on a routine 

basis, proving a large number of precursors for MXenes. Figure 1 shows atomistic models for 

the different MXenes’ structures known to date.  

Since then, thousands of research papers (Figure 2a) and a book
25

 have been 

published and more than a thousand patents have been filed. More important than the number 

of patents filed and issued is the very broad rnage of applications possible, ranging from 

electronics to medicine, sensing, communication, optoelectronics and tribology among many 

others.    
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Herein, we present a perspective from the key authors responsible for the discovery of 

MXenes a decade ago. In addition to discussing the main breakthroughs in synthesis, 

expansion of the MXene family, understanding their structure and chemistry, properties and 

applications, this perspective suggests future directions of research in this booming field.    

MXene Synthesis 

As noted above, our first report on 2D transition metal carbide was focused on titanium 

carbide (Ti3C2) which was synthesized using aqueous hydrofluoric acid, HF, as an etchant for 

Al at room temperature, RT.
21

 It is worth noting that HF was used to selectively etch the A 

layers with the goal of creating more space for electrochemical Li intercalation/de-

intercalation in the MAX phases, which were researched for Li-ion battery anodes, not with 

the intention to make a 2D material. More details about the facinating story of the MXenes 

discovery can be found in the preface we wrote in Ref [
25

].  Like Ti3C2, other representatives 

of the first generation of MXenes were all synthesized by selectively etching the Al, layers 

from different MAX phases (Ti2AlC, V2AlC, Nb2AlC, Nb4AlC3, Ta4AlC3, Ti3Al(C0.5N0.5)2, 

(Ti0.5Nb0.5)2AlC, (V0.5Cr0.5)3AlC2, (Ti0.5V0.5)2AlC, (Ti0.5V0.5)3AlC2, and (Nb0.5V0.5)4AlC3) 

using aqueous HF at RT.
23, 26-28

 However, the etching conditions (acid concentration, 

temperature, time) had to be modified for each composition to achieve the conversion, since 

the bond strengths between the different M elements and Al varied.
29

 Another reason for the 

importance of tuning the etching conditions is to maintain high yields and minimize the 

degradation of 2D flakes in the acid, because their chemical stability varies depending the 

structure and composition.  

Since the synthesis is carried out in a fluoride containing aqueous solution, the 

transition metal surfaces of MXene are terminated by O, OH and F (for simplicity Tx is used 

hereafter to describe mixed surface terminations).
21-22

 The resulting MXene, after HF etching, 

is a multilayer material with a morphology that resembles kaolinite clay. Due to surface 

terminations, these multilayers are held together by a mixture of hydrogen and van der Waals 

bonds.
30

 Unlike the pristine MAX phases, these secondary bonds allow for intercalation 

between the layers. Intercalation of dimethyl sulfoxide (DMSO) in Ti3C2Tx followed by 

sonication results in a colloidal solution of delaminated Ti3C2Tx in water.
31

 Interestingly, the 

DMSO intercalation was not a universal approach, since it did not intercalate all MXenes. 

Taking advantage of MXenes’ negative surface charge and spontaneous intercalation of 
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cations, large-scale delamination of various MXenes was achieved by intercalating large 

cations from organic base solutions such as tetrabutylammonium hydroxide, TBAOH, 

choline hydroxide and n-butylamine.
32

 MXenes’ hydrophilicity
22

 and ability to disperse 

easily in water without any surfactant
31-33

 simplify their processing. Therefore, MXenes can 

be produced in a range of forms from multilayer powders to inks of delaminated flakes in 

water that in turn can be printed, sprayed, or filtered into freestanding films.
34

  

Hydrofluoric acid is a dangeours chemical and has to be handelded with extreme care. 

The discovery in 2014 that one can not only etch some of the MAX phases with a 

combination of fluoride salts such as LiF and more begnin acids such as HCl, but also 

delaminate them in one step was a major boost to the field. Ghidiu et al. showed that when 

Ti3AlC2 was immersed in a LiF and HCl solution the in situ formation of HF not only 

converted the MAX phase to MXene, but the resulting product behaved like a clay 

rheologically, because the intercalated cations - Li
+

 hydrated by water in this case - allowed 

the product to be rolled and formed into different shapes.
33

 Further hydration of the cations 

can lead to significant swelling and MXene delamination in water.
33

 The importance of this 

work goes beyond eliminating the extra steps of intercalation that are usually required to 

delaminate HF-etched MXenes. Etching in LiF-HCl allowed many laboratories where 

handling HF is prohibited to start producing MXenes.  

These comments notwithstanding, we would like to emphasize that safety protocols 

for handling HF should be used to handle the mixed fluoride salt and acid. Ammonium 

bifluoride (NH4HF2) was also utilized as an etchant for Al from Ti3AlC2 in both water
35

 and, 

much more recently, in polar organic solvents.
36

 Hydrolyzed F-containing liquids can also 

selectively etch Al and lead to an intercalation of cations between the MXene sheets.
37

 

Another fluoride based synthesis of MXene was achieved by etching of Al from Ti4AlN3 in 

molten fluoride salts at 550 °C.
38

 It is worth noting that Al is not the only element that can be 

etched from the MAX phases. Alhabeb et al.
39

 reported on selective etching of Si from 

Ti3SiC2 using HF and an oxidant to form Ti3C2Tx MXene. 

Sun et al. reported on F-free partial conversion of Ti2AlC into carbide derived carbon 

and Ti2CTx MXene using electrochemical etching in HCl.
40

 F-free electrochemical etching of 

Al from Ti3AlC2 was achieved using an aqueous electrolyte of 1.0 M ammonium chloride 

and 0.2 M tetramethylammonium.
41

 Hydrothermal treatment of Ti3AlC2 using 27.5 M NaOH 
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at 270 °C resulted in a mixture of MAX and MXene, i.e., partial etching of the MAX phase.
42

 

Recently, Shi et al. 
43

 reported on using iodine dissolved in anhydrous acetonitrile at 100 °C 

as an etchant to remove Al from Ti3AlC2 to form Ti3C2I2. Fluoride-free synthesis can also be 

achieved using a Lewis-acidic molten salt such as ZnCl2 
44

 or CuCl2 
45

 in the 500-750 °C 

temperature range, depending on the salt. The uniform surface terminations make this 

approach appealing, despite the high temperatures required for the synthesis.
45-46

  

Other new synthesis protocols for MXenes have emerged, such as thermal reduction 

of Ti2SC to produce Ti2CTx.
47

 Another novel and recent approach is a salt-solution-based 

acoustic synthesis of Ti3C2Tx from Ti3AlC2, that utilized LiF in water with surface acoustic 

waves producing delaminated MXenes in seconds.
48

  

However, tuning of already existing synthesis protocols and modifying MAX phases 

are other important approaches to alter MXene properties and performance. Fine tuning the 

MAX phases can affect the synthesis conditions of MXenes. For example, adding very small 

amount of Sc to the precursors of V2AlC results in formation of a solid solution of V-Sc that 

reduces significantly the etching time needed to make V2-yCTx (y < 0.05) since traces of Sc 

change the stability of the MAX phase.
49

 Having a solid solution at the A sites in the MAX 

phase like in the case of Ti3(Si0.75Al0.25)C2 and Ti3(Si0.1Al0.9)C2 weakens the bonding between 

the carbide sheets through the A layers and therefore allows for exfoliating these materials 

with the aid of ultrasonication, which is not possible for either Ti3SiC2 nor Ti3AlC2.
50

 Here 

the end result is not MXenes however, but thin MAX platelets. Another example of the effect 

of MAX phase chemistry on MXene is the work by Mathis et al.
51

 who showed significant 

enhancement in both stability and conductivity of MXene by having excess Al during the 

synthesis of Ti3AlC2, which leads to formation of highly stoichiometric MAX and MXene. 

Simple modifications for the etching conditions such as the ratio of fluoride salt to acid,
52

 or 

bubbling nitrogen gas during etching
53

 may change the properties of the resulting MXene 

significantly.  

For MXenes beyond Ti3C2Tx - the first and most studied MXene - further 

optimization and modification of the synthesis conditions are needed to improve flake size 

and minimize the concentration of defects.     
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Diversity of Structures and Compositions 

Any advancements in the MAX phases synthesis or expansion of their compositional and 

structural diversity directly benefit the MXenes family and, in fact, many of the recent studies 

on MAX phases have been motivated by the goal to make new MXenes. We will give here a 

few examples of such advancements to highlight this correlation. MAX phases with more 

than one transition metal in the form of solid solutions have been known for decades.
54-55

 

Their MXenes, per force, were only recently realized; here we cite a few examples.
15, 22, 56-61

 

In 2014, an ordered double transition metal MAX phase, viz., Cr2TiAlC2 was reported. In this 

out-of-plane ordered MAX phase (P63/mmc space group) the Cr atoms occupy almost 

exclusively the outer layers of M (4f Wyckoff sites) in the M3C2 blocks, while the Ti atoms 

occupy the center layer (2a Wyckoff sites).
62

 Not long after that, Anasori et al.
63

 discovered 

Mo2TiAlC2 and Mo2Ti2AlC3 and reported on three new out-of-plane ordered MXenes 

(Mo2TiC2Tx, Mo2Ti2C3Tx and Cr2TiC2Tx). In 2017, Meshkian et al.
64

 reported on out-of-plane 

ordered Mo2ScAlC2 and its corresponding MXene Mo2ScC2Tx.  

Another type of ordered double transition metal layered carbide (viz., 

(Mo2/3Sc1/3)2AlC) was reported by Tao et al.,
65

 in which two transition metals (Mo and Sc) 

are in-plane ordered within the transition metal carbide sheet. During etching, the Sc atoms 

are etched as well. This results in a Mo4/3CTx MXene with ordered vacancies on the M sites, 

where the Sc atoms existed initially.
65

 Other in-plane ordered MAX phases with new 

transition metals for the MAX phases such as (W2/3Y1/3)2AlC (W or Y alone do not form a 

MAX phase)
66-67

 and their corresponding MXenes with ordered vacancies (e.g., W4/3CTx) 

were reported. Random vacancies at M sites were reported for Nb1.33CTx by etching both Sc 

and Al from (Nb2/3Sc1/3)2AlC.
68

 Persson et al.,
69

 reported that tuning the etching conditions 

for (Mo2/3Y1/3)2AlC, which exhibits in-plane ordering, can result in etching only the Al layers 

while leaving behind an in-plane ordered double M (viz., (Mo2/3Y1/3)2CTx MXene. 

MAX phases with n > 3 were only observed as minor impurity phases in bulk 

synthesis or sputtered thin films.
70-71

 However, recently Deysher et al.
15

 reported on the 

synthesis of a n = 4 phase with a composition (Mo0.8V0.2)5AlC4 using powder metallurgy bulk 

synthesis at 1650 °C.  The successful etching of Al to form (Mo0.8V0.2)5C4Tx opens the door 

for even more MAX and MXene compositions. Random binary solid solution on the M 

sites
22, 56, 58-59, 61

 and high-entropy MXenes with multiple M elements
72-73

 ensure that the 
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number of new MXene compositions will continue to grow by leaps and bounds. The 

compositional and structural space of the MAX phases and their corresponding MXenes will 

further expand in the coming years, especially in the direction of more than one M per 

MXene (solid solution, ordered out-of-plane and/or in-plane structures) since this is a 

powerful approach to tailor MXenes’ properties.
58

  

Compared to C-based MXenes, there are very few reports on nitride and carbonitride 

MXenes
22, 38, 74-77

 which is in part because of a limited number of nitrogen containing MAX 

phases and the difficulties in synthesis of nitride MXenes, as nitride layers tend to dissolve in 

the acids. It is still expected that, with more dedicated efforts, it is only a matter of time till 

more new nitrogen containing MAX phases will be produced and their etching will be used to 

make 2D nitrides. Other innovative approaches, like nitriding MXene to replace some of or 

all the carbon with nitrogen, have been successfully employed to produce Mo2NTx, V2NTx, 

and nitrogen doped Ti2CTx, which indeed enhanced MXenes performance as 

electrocatalyst.
78-79

  

Synthesis of MXenes by selective etching is not limited to MAX phases precursors; 

other layered carbides such as Zr3Al3C5,
80

 Hf3(AlSi)4C5,
81

 and Mo2Ga2C 
82

 were successfully 

used to synthesize Zr3C2Tx, Hf3C2Tx, and Mo2CTx MXenes, respectively. Beyond selective 

etching and top-down synthesis, other bottom-up approaches like chemical vapor deposition 

(CVD) were utilized to synthesis large area ultrathin α-Mo2C, WC and TaC films.
83

 Xiao et 

al.,
84

 reported on the salt-templated synthesis of 2D MoN, V2N and W2N by reducing 

hexagonal oxides in ammonia.  

Surface Terminations and Intercalation 

Surface termination of as synthesized MXenes depends largely on the synthesis approach. 

For example, when aqueous HF is used, mixed O, OH and F terminations are usually found 

with different ratios, depending on each MXene and etching conditions.
85

 When molten 

chloride salts are used, Cl terminations dominate;
45

 when water-free NH4HF2 is used, F-rich 

surfaces ensue.
36

 Post-synthesis treatments can also be used to alter the terminations.
32, 86-87

 

Kamysbayev et al.
46

 substituted Br and Cl terminations of their as-produced MXenes - 

synthesized by etching of MAX phases in molten CdBr2 and CdCl2, respectively - by S, Se, 

Te, and NH through post-synthesis reactions with Li and Na salts in molten bromides at 300 

°C, followed by annealing and anhydrous washing. This ability to control and change the 
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terminations enriches their already vast compositional space, making MXenes potentially the 

largest family of 2D materials.  

Many cations and organic molecules can be intercalated spontaneously in-between the 

MXene sheets, further adding to the versatility of their compositions and properties.
31

 For 

example, very recently, Brady et al.,
88

 reported on the spontaneous intercalation of up to 2 Na 

per Ti3C2 unit by soaking multilayer MXenes in a solution of Na-biphenyl radical anion 

complex at RT. In addition to the chemical versatility that intercalation provides, it also offers 

a structural tunability as pre-intercalation of molecules with different sizes allows for 

engineering the d-spacing in MXene that can be utilized to match certain application 

requirements. An example for this is using multilayer MXene as electrode material for 

supercapacitors in room-temperature ionic liquid (RTIL) electrolyte. Without engineering the 

d-spacing of MXene, the large cations of RTIL cannot intercalate in-between the MXene 

layers limiting the capacitance to the low outer surface area of multilayer MXene.
89

 However, 

at a d-spacing of 2.2 nm, which was achieved by pre-intercalation of alkylammonium cations, 

the interlayer spacing of MXenes was unlocked for the reversible electrochemical 

intercalation/de-intercalation of RTIL cations, leading to a superior capacitance and energy 

density.
90

  

Properties 

In the 2D world, MXenes stand out because they offer a unique set of properties and 

characteristics that render them attractive for many applications. The most prominent is their 

metallic conductivity, while soe MXenes can be semiconductors or superconductors, 

depending on the composition and surface terminations.
46, 91-92

 Interestingly, the continuous 

optimization of the synthesis of Ti3C2Tx - the most studied MXene - keeps pushing its 

electrical conductivity to higher values. Recently, Zeraati et al.,
53

 reported a conductivity of 

up to 24 000 S/cm for Ti3C2Tx by a modification of the etching process. Such high electrical 

conductivities combined with the surface terminations, which allow for covalent or 

electrostatic anchoring of other molecules and nanoparticles to achieve strong interfaces, 

render MXenes ideal candidates as conductive additives,
93-94

 electrical contacts,
95

 conductive 

transparent electrodes,
96

 and films for electromagnetic interference shielding.
97

 Like 3D 

transition metal carbides/nitrides, MXenes offer high strength and moduli of elasticity.
98

 

Lipatov et al.,
99-100

 reported Young’s moduli of single layers to be 330 MPa and 390 MPa for 
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Ti3C2Tx and Nb4C3Tx, respectively. Both values are higher than those for other 2D materials 

(e.g., graphene oxide or MoS2) produced by liquid exfoliation. The trio of metallic electrical 

conductivities, high mechanical properties and surface functionalities provide MXenes an 

advantage over other nanoscale reinforcements for polymers, ceramics and metals to 

manufacture strong functional composites.
101-102

 The excellent electrical conductivity, in 

addition to the ability to host ions and provide fast ionic transport, make MXenes promising 

electrode materials for ion batteries
103

 and supercapacitors.
104

 MXenes have been explored 

and showed promise in many other fields and such as environmental,
105

 biomedical,
106

 

sensing,
107

 and catalysis.
108

  

Unlike many other 2D materials that can only be produced in small amounts, often as 

single layers under high-vacuum conditions, the simplicity of MXenes' synthesis by selective 

etching of ceramic precursors makes it fairly straightforward to scale their synthesis to meet 

industry needs.
109

 In particular, titanium based MXenes are made of abundant elements, show 

no cytotoxicity, and produce non-toxic products, such as TiO2, CO2 or CH4 upon 

degradation.
110

 Also, low-cost precursors, such as recycled aluminum scrap, waste tire-

derived carbon
111

 and transition metal oxides
111-112

 can be used to produce MAX phases at 

significantly lower prices which can lower the overall cost. These advantages, combined with 

the unique properties and promising performance of MXenes in many applications, make 

MXenes attractive materials for technological applications, not just laboratory scale 

fundamental research.  

Summary and Outlook 

MXenes' unique properties, their promising performance in a wide range of applications and 

their scalable synthesis have made them attractive for research and technological 

development, as can be clearly seen from the large number of papers and patents emerging 

during the past couple of years. MXenes composition can be tuned by changing M, X, n, Tx 

and the intercalants. With about 30 reported distinct stoichiometric MXenes and countless 

possible compositions due to solid solutions on both M and X sites and various terminations, 

the number of these materials will indubitably continue growing and in due course, may 

become the largest family of 2D materials.  

Replacing carbon with nitrogen changes the electronic structure of MXene and 

therefore its properties. However, most of the MXenes reported are carbides with few 
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exceptions of nitrides and carbonitrides. Attempts to produce MXenes with X = B (MBenes) 

had a limited success so far. Other 2D carbides, nitrides and borides, which were predicted 

computationally, are still waiting to be synthesized. Efforts towards their synthesis should be 

undertaken. One of the challenges to producing some of the theoretically predicted MXenes 

is their stability in the etchants. Thus, the continuous development of different synthesis 

approaches is important to achieve new MXene compositions and produce controlled and 

homogeneous surface terminations. An example for this is the synthesis of Cr2CTx and 

Ti2NTx by etching Al from Cr2AlC and Ti2AlN, respectively. Earlier attempts to etch Al from 

these MAX phases using HF to synthesize MXenes failed and resulted in formation of 

fluorides and oxides.
57

 Only when other etchants were used were these MXenes claimed 

experimentally;
75, 113

 still the synthesis should be reproduced by other researchers to confirm 

the validity of the approach. The nature of bonding between the layers in the parent bulk 

material is another important factor determining the success of MXene’s synthesis. For 

example, to synthesize Mo2CTx, Mo2Ga2C is used instead of Mo2GaC because the Ga-Ga 

bonds are weaker that the Mo-Ga bonds, therefore the selective etching of Ga can start by 

breaking the Ga-Ga bonds.
82

    

While the discovery of new MXenes will certainly continue, it is important to focus 

on answering the fundamental questions which have not been addressed by the MXenes 

community yet. A group of leading MXene researchers formulated a list of question in the 

MXenes field that should be addressed and those were discussed and ranked by several 

hundreds of attendees of the 3
rd

 International Conference on MXenes in October 2020.
114

 

Environmentally friendly, safe, efficient, and scalable synthesis methods, control of surface 

chemistry, improvement in chemical stability, and understanding of physical properties of 

MXenes were rated as the highest priority for further expansion of the field and for moving 

towards practical applications. Understanding the health and environmental safety/toxicity of 

MXenes with different transition metals and surface terminations is also a high priority. A 

majority of the fundamental studies on synthesis optimization and effect of synthesis and 

processing parameters on MXenes’ surface chemistry and properties have been carried out on 

Ti3C2Tx. Therefore, systematic studies of the effect of synthesis and processing conditions on 

structure, surface chemistry and properties of MXenes with different M, X and n will be of a 

great value for advancing our understanding of these materials. 
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MXenes are prone to oxidation at high temperatures and under oxidizing 

environments,
115

 which can lead to novel architectures of nanohybrid structures of 

oxides/carbon
116

 or oxide/carbon/MXenes that are found promising for use in electrodes for 

energy storage and conversion.
117-118

 This oxidation is overlooked  by many researchers as 

they report on the synthesis of MXenes under harsh oxidizing environments and the 

properties and performance of those materials are for a hybrid of MXene/oxide, not for pure 

MXene. Another, common mistake is to ignore secondary phases in the MXene samples, 

such as unreacted MAX phases, 3D binary carbide/nitride or unwashed salts or etching 

products (e.g., LiF or AlF3). These impurities may strongly affect the behavior of MXene 

positively or negatively. Thus, careful washing to eliminate etching products from MXene 

and etching and thorough characterization for both MXenes and their precursors are critical 

to ensure reproducibility and accurate reports.
119-120

           

It is encouraging to see that several of the problems highlighted by the research 

community less than a year ago have already been addressed. Oxidation/degradation stability 

of Ti3C2Tx has been improved by using antioxidants
121

 or capping the edges of MXene
122

 and 

up to a year in water stability at room temperature was achieved by synthesizing highly 

stoichiometric MXene.
51

   Appreciation of the effect of stoichiometry on the environmental 

stability is expected to lead to more stable MXenes of other compositions. These comments 

notwithstanding, the long term effectivness of these oxidation mitigation strategies is 

unknown. This is especially true if MXenes are to be used in applications where water is used 

and open to the atmosphere like say in water filtration or desaltination.  

Several new surface terminations have been achieved as a result of molten salt 

synthesis and termination exchange by Kamysbayev et al..
46

 High-entropy MXenes have 

been reported.
72-73

 New methods of synthesis utilizing salt solutions without acid additives, as 

well I, Br2 and other halogens have been developed.
43, 123

 Termination-dependent 

superconductivity has also been demonstrated.
46

 Modifying the surface chemistry of MXene 

by isocyanates rendered MXenes hydrophobic.
124

 Exchanging Li from in-between layers with 

di(hydrogenated tallow)benzyl methyl ammonium chloride allows MXene to become 

organophilic and dispersible in nonpolar solvents.
125

  

Intercalation in MXenes plays a pivotal role in their processing, properties, and 

performance in many applications. However, not enough is known about the nature of 
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intercalants in confinement, their interaction with the catalytically active MXene 

nanosheets
126

 and their interaction with solvents (e.g., confined water). Most of the work has 

focused on intercalation in Ti3C2Tx.
127-131

 Fundamental and systematic studies are needed to 

gain a better understanding for intercalation in MXenes, which would allow for accurate 

correlation between intercalated MXenes’ composition, their structure, properties and 

behavior in different applications.   

Defects (e.g., vacancies, adatoms), their evolution mechanism during synthesis and 

processing and their effect on MXenes’ stability and properties are important areas. Defect 

engineering will allow one to have more control over the properties.  

Direct demonstration of band gap in semiconducting MXenes is still to be provided. 

Selective etching of A layers from MAX phase  single crystals (viz., V2AlC and V4AlC3) 

results in MXenes with large lateral dimensions (hundreds of microns).
132-133

 More efforts are 

needed in this direction to achieve large single crystal MXenes since their characterizations 

will advance our understanding of the physical properties of MXenes that might lead to new 

applications in the electronics industry. Roll-to-roll synthesis of single crystal MXenes is still 

to be demonstrated, as vapor deposition methods have not produced single-layer MXenes so 

far.  

Hundreds of studies have been published on using MXenes alone or as additives to 

improve the performance of other materials. However, the limitations of MXenes are rarely 

discussed. More importantly, in-depth studies of the mechanisms leading to enhanced 

performance are limited. The MXenes community should learn from the graphene 

community and avoid hype, overpromises and a flood of useless and repetitive studies that do 

not result in advancing the knowledge or the understanding of this new materials system.
134

           

Modeling and simulation at various length and time scales have been used extensively 

to predict structure stability, properties and performance of MXenes in different applications, 

and machine learning is gaining the momentum.
135-138

 However, we still do not know the 

theoretical limits for many physical properties of MXenes, such as their electronic 

conductivity. Many other predicted properties, from ferromagnetism to topological insulator 

behavior are to be demonstrated. By addressing those challenges and further improving 

synthesis and property characterization of MXenes, one can open pathways to many 

important applications. 
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Figure 1. Typical MXene structures and compositions. MXenes have a formula of Mn+1XnTx, 

where M is an early transition metal, X is C or N, Tx represents surface terminations.  The n 

value can vary from 1 to 4. The M sites can be occupied either by one, two or more transition 

metal atoms, forming solid solutions or ordered structures. The ordered double transition 

metal MXenes exist as in-plane ordered structures (i-MXenes), e.g., (Mo2/3Y1/3)2CTx, in-plane 

vacancy structures, e.g., Mo2/3CTx, and out-of-plane ordered structures (o-MXenes) where 

one or two layers of M
II 

transition metal are sandwiched between layers of M
I
 transition 

metal, e.g., Cr2TiC2Tx or Mo2Ti2C3Tx.  
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Figure 2. Chronological presentations of progress in the field of MXenes. The publications 

(a) and citations (b) data come from Web of Science. Inset in (a) shows the cover of the 

article reporting on Ti3C2Tx MXene discovery
21

 and inset in (b) shows the cover of the first 

comprehensive review for the field.
23

 (c) list of the main synthesis and processing 

breakthroughs over the first 10 years of MXenes’ research, the new MXenes core 

compositions discovered in that decade (surface termination abbreviation Tx is omitted in the 

chemical formula for simplicity) and progress in surface terminations control. 
δ 
Denote solid 

solution MXenes, 
⸸ 

MXene from non-MAX phase precursors, 
§ 

out-of-plane ordered double 

transition metal MXene, 
¤ 

MXene from in-plane ordered double transition metal MAX phase 

analogues, 
* 

2D carbides and nitrides produced by bottom-up approaches, 
ε
 nitride MXene 

produced by post-synthesis treatment of carbide MXene, □ vacancy, and 
^
 is for mixed 

terminations.  
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Two-dimensional (2D) transition metal carbides and nitrides (MXenes) areamong the largest 

material families. MXenes’ unique properties, such as their metal-like electrical conductivity, 

render them very useful in a large number of applications including energy storage, 

optoelectronic, biomedical, communications and environmental. Herein, we provide a 

historical overview of the first ten years of MXene research and a perspective on their 

synthesis and future development.  
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