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Abstract: 

In 2011, a new family of two dimensional (2D) carbides, carbonitrides and nitrides - labeled 

MXenes - was discovered. Since then the number of papers on these materials has increased 

exponentially for several reasons amongst them: their hydrophilic nature, excellent electronic 

conductivities and ease of synthesizing large quantity in water. This unique combination of 

properties and ease of processing has positioned them as enabling materials for a large and quite 
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varied host of applications from energy storage to electromagnetic shielding to transparent 

conductive electrodes, electrocatalysis, to name a few. Since the initial synthesis of Ti3C2 in 

hydrofluoric acid, many more compositions were discovered, and different synthesis pathways 

were explored. Most of the work done so far has been conducted on top-down synthesis where a 

layered parent compound is etched and then exfoliated. Three bottom-up synthesis methods, 

chemical vapor deposition, a template method and plasma enhanced pulsed laser deposition have 

been reported. The latter methods enable the synthesis of not only high-quality thin 2D transition 

metal carbide and nitride films, but also those that could not be synthesized by selective etching. 

This article reviews and summarizes the most important breakthroughs in the synthesis of 

MXenes and high-quality thin 2D transition metal carbide and nitride films. 

 

Highlights: 

• Currently MXenes constitute a family of 2D materials of about 30 different compositions 

obtained by top-down synthetic methods. The vast majority of these compositions 

involve the etching of a MAX phase using a F-ion containing solution such as HF or LiF 

and HCl. 

• Bottom-up synthesis enables the production of not only high-quality thin 2D transition 

metal carbide and nitride films but also those that could not be synthesized by selective 

etching. 

• Different synthesis pathways have been reported that avoid the use of hazardous HF, 

mainly for the most studied compound Ti3C2. 

• The possibility of solid solutions of the M and X sites, and chemical order in and out of 

plane in the MAX phases has greatly expanded the chemistry of MXenes. 

 

1. Introduction 

Over the last decade, two dimensional (2D) materials has garnered their fair share of 

research interest due to their exciting physical and chemical properties and extensive application 

potential 1. Since the first synthesis of graphene 2, the field has broadened to many other 2D 

materials, such as boron nitride 3, metal dichalcogenides 4, halides 5 and oxides 6 among others.  
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One of the most recent addition to the 2D family of materials are transition metal 

carbides, carbonitrides and nitrides (MXenes) 7. Their formula can be M1.33XTz or Mn+1XnTz (n = 

1, 2 or 3), where M is an early transition metal, X is C and/or N and Tz represents various 

possible terminations (mainly hydroxyl, -OH, oxygen, -O and/or fluorine, -F). They were dubbed 

MXenes because the vast majority of them are obtained by etching the Al layers from the MAX 

phases and their 2D nature 8. The MAX phases in turn are layered hexagonal transition metal 

carbide and nitrides 9. As noted above, the first MXene, Ti3C2Tz was produced in 2011 by 

placing Ti3AlC2 powders in concentrated HF for a few hours at room temperature 8. A year later, 

the universality of etching Al from many other MAX phases gave birth to MXenes 7. Soon 

thereafter, MXenes showed great promise in a host of applications such as electrochemical 

energy storage 10, with notably high capacitances 11, structural composites 12, electromagnetic 

interference shielding 13,14, water purification 15, biosensors 16, transparent conductive electrodes, 

among many more 17.  

In general, there are two methods to synthesize 2D materials. The first is a bottom-up 

approach, such as chemical vapor deposition (CVD) that can produce high-quality films on 

various substrates. This approach is not generally used to make MXenes, because the films 

obtained are not single layer, but rather very thin films. For example, Xu et al. 18 used chemical 

vapor deposition (CVD) to produce thin Mo2C, WC and TaC films. However, even the thinnest 

Mo2C films were comprised of at least six Mo2C layers and not single MXenes sheets. This 

comment notwithstanding, it is one that should be pursued since in other systems it has been 

shown to yield high quality films 19,20. This approach is discussed in some detail in part 2. 

The second approach, is a top-down approach, involving the exfoliation of layered solids. 

This approach can be further divided into mechanical and chemical exfoliation. An example of 

the former is the use of adhesive tape to separate the graphene layers 2. This approach is 

unsuitable for the MAX phases for the simple reason that - in contrast to most other 3D solids 

used as precursors to their 2D counterparts - the bonds between the M elements and Al are for, 

the most part, strong covalent/metallic. Many Al-based MAX phases are synthesized at 

temperatures higher than 1300 °C 9. Since this approach is inapplicable here it will not be 

discussed further. It is worth noting that prior to the MXene discovery, conventional wisdom had 

it that only weakly bonded 3D solids can be exfoliated. In that sense, the MXene discovery was 

paradigm shifting.   
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The key to converting weakly bonded 3D solids to their 2D counterparts using the top-

down approach is to weaken the interlayer bonds. One approach is to intercalate the layers to the 

point that they can be readily dispersed in a solvent. The main challenge thus lies in finding the 

right combination of intercalant and solvent 1. This approach – most usually carried out in liquids 

- is by far the preferred one when large quantities of material are needed. Four main types of 

liquid exfoliation methods are usually described in the literature. The first consists in treating the 

3D layered solid with an oxidizer and the resulting material is then dispersed in the appropriate 

solvent. Graphene oxide (GO) is synthesized by this method, using sulfuric acid and 

permanganate potassium as the oxidizers and water as the solvent 21. A second method relies on 

the fact that the 3D layered solid can host various ionic species and/or guest molecules between 

the layers. Once that is accomplished the concomitant swelling can sufficiently weaken the 

interlayer attraction and lead to a 2D dispersion. Additional energetic treatment (shear, agitation, 

sonication) is sometimes needed to separate the 2D layers. For example, MoS2 can be dispersed 

by this method 22. Some layered materials already contain cationic counter ions that compensate 

their surface layer charges. For these solids, a third method entailing exchanging the intrinsic 

cations with, typically, larger ions, can result in the separation of the nanosheet under vigorous 

stirring. Vermiculite 23 or birnessite-type layered manganese oxides 24 can be exfoliated using 

this method. The last, and most recent method, consists in directly exposing the 3D layered 

material to ultrasonic waves in a solvent that prevents their re-aggregation. This method was 

used on graphite using N-methylpyrrolidone (NMP) as a solvent for instance 25. Since as noted 

above, MXenes are mostly derived from the MAX phases, in which the M-A layers are quite 

strongly bound to each other by a combination of covalent and metallic bonds 9 neither 

mechanical nor classical chemical exfoliation is possible. What is required in this case is to first 

selectively etch the A layers (Figure 1).   

The purpose of this work is to give a brief overview of the different MXenes synthesized 

so far and some of their characteristics, with a focus on the different synthetic pathways used to 

obtain them. We will first describe top-down synthesis and some of the characteristics of the 

MXenes obtained, before focusing on the bottom-up approaches. This article complements 

existing review on MXenes, focused on energy storage 17,26,27, thin film production 28, electrical 

and optical properties 29, or composites 30. 
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Figure 1: Pathway to obtain 2D MXene single flakes by top-down synthesis. (A) to (B): First, selective 

etching of atomic layer(s) from a 3D layered precursor is required ((A) is a scanning electron microscope 

(SEM) micrograph of Ti3AlC2 particles. (B) SEM picture of Ti3C2Tz multilayer after etching of the Al 

layer. (C): Transmission electron microscope (TEM) micrograph of overlapping Ti3C2Tz single layers. 

Schematics of the MAX to multilayers MXene transformation and their exfoliation are shown in bottom 

row. 

 

2. Synthesis of MXenes by top-down approaches 

Since the original discovery in 2011 of the first MXene, Ti3C2Tz, this family of 2D 

materials has expanded quite fast and today about 30 different compositions have been 

synthesized with more being discovered on a routine basis. Figure 2 and Figure 3 summarize the 

different MXenes obtained to date, their precursors, etching methods and highlights. 

2.1 Precursors 

The MAX phases constitute a large family of currently > 130 different compositions, the 

vast majority of which crystallize in the P63/mmc space group 9 or derivatives thereof. The 

structure is composed of MX6 octahedra, interleaved with pure A layers. The main difference 

between the three types of MAX phases, viz. n = 1, 2 or 3, is in the number of M layers (2 to 4) 

between the A layers. They are typically referred to as 211, 312 or 413, respectively.  
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Of the ~ 30 different MXenes currently known, all but a handful are obtained by etching 

the Al layers from Al-containing MAX phases. There are a few exceptions. For example, Si 

etching of Ti3SiC2 yields Ti3C2Tz 
31. The starting material to synthesize Mo2CTz is Mo2Ga2C 

32,33.  And while technically speaking Mo2Ga2C is not a MAX phase, its structure is quite similar 

to the 211 structure, except that the MoC6 octahedra are interleaved by two Ga layers instead of 

one. More recently, another class of layered solids was used as precursors, viz. (MC)nAl3C2 and 

(MC)n(Al,Si)4C3, where Al3C3 and (Al,Si)4C4 were etched to yield Zr3C2Tz and Hf3C2Tz, 

respectively 34,35.  

The chemical or structural order in MXenes is directly linked to the order in the parent 

phase. Roughly a third (~ 50) of the known MAX phases to date were discovered by Nowotny 

and coworkers in the sixties 36. Up to the end of 2014, the only MAX phase solid solutions 

known on the M sites were random solid solutions 37,38, such as the 211 phases (TixNb1−x)2AlC 37 

and (TixCr1−x)2AlC 39, the 312 phase (Ti1/2V1/2)3AlC2, and the 413 phase (Cr5/8Ti3/8)4AlC3 
40, etc.  

In 2014 and 2017, respectively, two new chemically ordered quaternary MAX phases 

were discovered: (i) out-of-plane ordered, labeled o-MAX, 312 and 413 phases and more 

recently, (ii) in-plane ordered, labeled i-MAX, 211 phases. In the former, a single layer or double 

layer of one metal element is sandwiched between a layer of another M element (see Figure 3) 

40,41. Examples include (Cr2/3Ti1/3)3AlC2, (Mo2/3Ti1/3)3AlC2, (Mo1/2Ti1/2)4AlC3 and 

(Mo2/3Sc1/3)3AlC2, where the Ti or Sc layers are located in the inner layers and the Mo on the 

outside 42,43. In the i-MAX, the two M elements are in plane ordered (Figure 2). The quaternary 

(Mo2/3Sc1/3)2AlC is such a phase 44. The space group used to describe this structure is C2/c. The 

quaternaries, (Mo/3Y1/3)2AlC and (V2/3Zr1/3)3AlC2 were also just discovered 45, followed by two 

W-based phases, viz. (W2/3Sc1/3)2AlC and (W2/3Y1/3)2AlC 46. Most recently 11 Mo-based rare 

earth containing i-MAX phases were also discovered 47. 

 

2.2 Etching 

In the MAX to MXene transformation, the etched layers are always replaced by various 

termination groups Tz such as hydroxyl (-OH), oxygen (-O) or fluorine (-F). The material 

obtained after etching thus consists of Mn+1XnTz multilayers (see Figure 1B) held together by 
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hydrogen and/or van der Waals bonds. The different etching methods are described in this 

section. 

 The ternary, Ti3AlC2, is not only the first MAX to be etched 8, but also remains, by far, 

the most studied, and a variety of etching methods have been developed to convert it to Ti3C2Tz 

(see Figure 3). The first synthesis 
8

 consisted of immersing Ti3AlC2 powders in 50 wt.% 

hydrofluoric acid (HF). The M-A bonds and the M-X bonds reacted differently toward HF, 

resulting in the selective etching of the Al layers. HF etching was then successfully applied to 

obtain a wide variety of MXenes 7,33,52–54,34,35,42,44,48–51 (see Figure 2 and Figure 3) and remains 

the most common synthetic pathway. The etching conditions, however, depend on the chemistry 

and structure of the parent phase. For example, 50 wt.% HF, used on Ti2AlC, results in its total 

dissolution. The same is true for Cr2AlC. However, by decreasing the HF concentration down to 

10 wt.%, Ti2CTz can be obtained 7, but this remains unsuccessful on Cr2AlC. Modifying the HF 

concentration during etching of the (Mo2/3Y1/3)2AlC i-MAX phase enables the selective etching 

of either only the Al (10 wt.% HF) layers or, both the Al and Y (50 wt.% HF) layers 49.  

HF is a corrosive chemical, able to penetrate through skin, muscle tissue and bones, 

making its handling and disposal hazardous 55. Different synthesis pathways have been explored 

to avoid or minimize the use of concentrated HF. One of the most widely used is a mixture of 

hydrochloric acid (HCl) and a fluoride salt, that forms HF in-situ. Ghidiu et al. first introduced 

this method using lithium fluoride (LiF) and HCl on Ti3AlC2 
56, and highlighted the analogy of 

MXenes with clays. Other fluoride salts have also been successfully used (NaF, KF and NH4F 

57,58), as well as different HCl concentrations and LiF/HCl molar ratios 59. Ammonium hydrogen 

bifluoride (NH4HF2) was also used early on as an alternative to HF to etch Al from Ti3AlC2. It 

was firstly implemented on thin epitaxial Ti3AlC2 films 60, and then used on powders 61.  

Electrochemical etching in dilute HCl was carried out on Ti2AlC to yield Ti2CTz 

multilayers, but with the presence of carbide-derived carbon 62. Another F-free etching method 

based on the anodic corrosion of Ti3AlC2 in an electrolyte mixture of NH4Cl and 

tetramethylammonium hydroxide (TMAOH) has been reported with a yield of > 40% 63. Two 

new articles have been made available online through archive 64,65, where the authors describe 

the synthesis of fully Cl-terminated Ti3C2Tz and Ti2CTz MXenes from the reaction of Ti3AlC2 

and Ti2AlC, respectively, in a Lewis acidic melt, such as ZnCl2.  
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Until recently, Al was the only element etched from the A layers of the MAX phases. 

Alhabeb et al. showed for the first time the selective etching of Si from the MAX phase Ti3SiC2 

31. A mixture of HF and an oxidant (such as hydrogen peroxide, H2O2) was used. This new 

approach widens the type of MAX precursors possible, but the method needs to be optimized to 

increase the yields and quality of the 2D flakes obtained.  

The HF and HCl/LiF etching methods are typically performed at temperatures < 60 °C. It 

is also possible to obtain MXenes at higher temperatures. An alkali-assisted hydrothermal 

method (using 27.5 M NaOH at 270 °C) was used to produce Ti3C2Tz. The first nitride MXene - 

Ti4N3Tz – was synthesized by heating Ti4AlN3 powders in a molten salt eutectic mixture of LiF, 

sodium fluoride (NaF), and potassium fluoride (KF) at 550 °C, under argon (Ar) 66. More 

recently, V2NTz and Mo2NTz were obtained by the ammoniation of the carbides V2CTz and 

Mo2CTz at 600 °C 67.  
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Figure 2: The MXene family – part 1/2. Summary of existing MXenes with M1.33XTz and M2XTz 

compositions. Precursors, etching method used to obtain them, and highlights are shown.  
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 Figure 3: The MXene family – part 2/2. Summary of MXenes with M3X2Tz and M4X3Tz compositions. 

Precursors, etching method used to obtain them, and highlights are shown. 
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2.3 Exfoliation 

After etching, the resulting multilayers (Figure 1 B) are typically washed several times 

with water to remove the etching solution containing the byproducts of the synthesis, such as 

aluminum fluoride (AlF3) 
8. An acid-prewash with HCl, or sulfuric acid (H2SO4), can also be 

used to help dissolve salts such as AlF3 or LiF 66,68. It is only then that it is possible to exfoliate 

the multilayers and obtain colloidal suspensions comprised of single or a few MXene layers 

(Figure 1 C). The exfoliation techniques used depend on, (i) etching method and, (ii) MXene 

composition. 

When multilayers are obtained by etchants other than HCl/LiF, direct sonication can be 

used to exfoliate them but the yields are quite low 8. Liquid exfoliation by the intercalation of 

molecules is then the main method used to obtain colloids with high yield (up to 20 mg of 

MXenes per mL of solution). Similar to clays, the multilayers can host various cations and 

organic molecules 68–70. The introduction of the proper molecules can induce swelling of the 

interlayer space and a concomitant weakening of the inter-layer interactions which, as noted 

above, is key to exfoliating multilayers into single nanosheets on a large scale. Additional 

energetic treatments, such as sonication or shaking, can also lead to the exfoliation of MXenes 

and their dispersion in water or other solvents (see Figure 4 A).  

The polar organic molecule dimethyl sulfoxide (DMSO) has been used to exfoliate 

Ti3C2Tz 
70 and (Mo2/3Ti1/3)3C2Tz 

42. Expansion of the interlayer space is evidenced by a shift to 

lower angle 2θ of the (00l) peaks in X-ray diffraction (XRD) patterns. Note that the position of 

the (0002) peaks in the XRD patterns corresponds to half the c lattice parameter and is 

henceforth referred to simply as the interlayer d-spacing. For example, the intercalation of 

DMSO results in an increase of the d-spacing in Ti3C2Tz from 9.8 Å to 17.6 Å (see Figure 4 B) 

70. The d-spacing can even increase further to 22.4 Å with the co-intercalation of water. For 

reasons that are not completely clear, apart from these two MXene compositions, DMSO is not 

effective for other MXenes.  

However, Nb2CTz can be exfoliated via the intercalation of isopropylamine 71. The 

exfoliation using tetrabutylammonium hydroxide (TBAOH), commonly used for other 2D 

materials 72, was first proven on V2CTz and Ti3CNTz 
73. This method relies on the intercalation of 

TBA+ ions in the interlayer space. Other large organic base molecules, such as choline hydroxide 
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and n-butylamine were also used for V2CTz 
73. TBAOH was then successfully used to exfoliate 

many more MXene compositions, such as (Mo2/3Ti1/3)3C2Tz and (Mo1/2Ti1/2)4C3Tz 
74, Ti4N3Tz 

66, 

Mo2CTz 
33. Interestingly,  TBAOH does not exfoliate Ti3C2Tz but TMAOH does 59.  

And while these results clearly show that different intercalants are needed to produce 

MXene colloidal suspensions, there are other more effective and simpler routes. A major 

attraction of the HCl/LiF etching method – in addition to eliminating HF and its hazards – is that 

it not only etches the Al layer, but enables the, almost simultaneous, exfoliation of the 

multilayers by the introduction of Li+ and its water of hydration in the interlayer space (see 

Figure 4 A). The d-spacing of dry multilayers obtained with the HCl/LiF method is close to 13 

Å, at least 3 Å larger than multilayers etched with HF alone 56 (see Figure 4 B). When the 

multilayers are wet, viz. never dried, and then exposed to water the d-spacing expands to 16.5 Å, 

and this co-intercalation of water facilitates the eventual exfoliation 68. Indeed, after washing 

multilayers etched with the HCl/LiF mixture to a pH of ~6, spontaneous exfoliation is observed 

56. The yields can be increased with the help of sonication. Using the HCl/LiF method, Lipatov et 

al. 75 showed that increasing the initial molar ratio of LiF:Ti3AlC2 from 5:1 to 7.5:1 resulted in an 

increase of the yield of exfoliation by hand shaking.  

After exfoliation, colloidal nanosheet suspensions, if they are not to be used immediately, 

have to be stabilized to prevent their aggregation by using adequate solvents and/or surfactants. 

Arguably, one of the reasons MXenes have become so popular lately (more than 400 papers 

published in 2018 alone) has to be the ease by which water stable colloids near neutral pH can be 

produced. Note when the pH veers significantly from neutral, the suspensions are no longer 

stable 76,77. Maleski et al. studied the stabilities of exfoliated MXenes in various organic solvents, 

and showed that in general polar solvents are better at dispersing Ti3C2Tz than non-polar ones 78. 

As generally the case with colloids, exfoliated sheets are separated from their multilayers and 

any unreacted parent phase by centrifugation. Once a colloidal suspension of single or few sheets 

is obtained it can be processed in a variety of different ways (Figure 4 C): vacuum filtration to 

obtain thick films (typically a few microns) with orientated flakes 70, crashed by the addition of 

an acid or a base to obtain an open crumpled morphology 76, spray 79 or spin coated 80,81 to obtain 

thin films (below 100 nm). Because the flakes are conductive it is also possible to form relatively 

thick films rapidly by electrophoretic deposition 82. 



 13 

 

 

Figure 4: Exfoliation of multilayers MXenes into 2D nanosheets. (A) Schematic for MXenes exfoliation 

process depending on the etching process. (B) XRD patterns for Ti3AlC2 MAX phase (blue), dry 

multilayers Ti3C2Tz MXenes after etching with HF and washing (green) and after intercalation with 

DMSO (orange), dry (solid line purple) and wet (dotted line purple) multilayers Ti3C2Tz MXenes etched 

with HCl + LiF. (C) Picture of a colloidal suspension of exfoliated MXenes showing the Tyndall effect 

and illustrations of processing the solution: digital photograph on the left and SEM images of (from top 

to bottom) vacuum filtered film (cross section for the SEM image), crumpling powder (adapted with 

permission from 83 Copyright 2018 American Chemical Society) and spin-coated film (cross section for 

the SEM image adapted with permission from 80, Wiley).  

 

2.4. MXene characteristics produced by top-down synthesis 

2.4.1 Chemical order in MXenes 

As noted above, when the Al layers are etched from the o- and i-MAX, the order is, for 

the most part, preserved. Density functional theory (DFT) calculations predicted the stability at 0 
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K of 26 different type of MXenes derived from o-MAX phases 42. For now, (Cr2/3Ti1/3)3C2Tz, 

(Mo2/3Ti1/3)3C2Tz and (Mo1/2Ti1/2)4C3Tz were obtained from their parent o-MAX phases with Ti 

located in the inner layers 42 (Figure 3), and also (Mo2/3Sc1/3)3C2Tz 
43. Not too surprisingly, the 

electrochemical properties of (Mo2/3Ti1/3)3C2Tz are controlled by the outer Mo layer 42. However, 

the inner layers also play an important role. For example, Cr2CTz MXenes has never been 

successfully synthesized because it tends to dissolve, but (Cr2/3Ti1/3)3C2Tz has. This implies that 

the inner Ti layer of (Cr2/3Ti1/3)3C2Tz improves the overall stability of the Cr outer layer during 

etching.   

The etching of the i-MAX phases can be tuned to either only etch the Al layers or both 

the Al and the minority M element (Figure 2). For example, etching both Sc and Al from 

(Mo2/3Sc1/3)2AlC, results in the formation of Mo1.33CTz MXenes with ordered divacancies 44. The 

same composition can also be obtained from (Mo2/3Y1/3)2AlC, when Y is etched together with Al 

49. Following the same method, W1.33CTz was obtained from the i-MAX phases (W2/3Sc1/3)2AlC 

and (W2/3Y1/3)2AlC 46. These ordered divacancies influence MXene properties: for instance, 

Mo1.33CTz exhibits a 65 % higher volumetric capacitance than its counterpart with no vacancies, 

viz. Mo2CTz. Interestingly, by controlling the etching conditions of (Mo2/3Y1/3)2AlC powders, 

only the Al layer can be etched resulting in a MXene with in-plane ordering of the two transition 

metal elements 49. In case of the (Nb2/3Sc1/3)2AlC phase, there is no order. It follows that when 

both Al and Sc are etched, the resulting in MXenes has randomly distributed vacancies 84.  

 

2.4.2 Surface chemistries 

As noted a few time, upon etching, the A layers – mostly Al - are replaced by surface 

terminations, mainly -OH, -O or -F groups 85 (Figure 5 A). Since some MXene properties depend 

on these terminations 86, it is essential to know their nature and relative amounts. The multilayer 

terminations will depend on the: (i) etching method, (ii) nature of the M and X elements and, (iii) 

number of MX layers, or n.  

Quantitative nuclear magnetic resonance (NMR) spectroscopy has shown that multilayers 

Ti3C2Tz obtained by the HF etching method exhibit almost four times more -F terminations than 

ones etched in HCl/LiF (Figure 5 B) 87. MXenes obtained by both methods have significantly 

fewer -OH terminations than -F and -O. Kajiyama et al. claimed that Ti2CTz MXenes etched 
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using HCl + LiF possibly have -Cl terminations, and further claimed that these terminations 

increase the d-spacing due to steric repulsion 88. Recent work by Voigt et al. showed that Ti3C2Tz 

multilayers etched using a combination of HF + other acids - such as HCl, HBr, HI, H3PO4 or 

H2SO4 - resulted in larger interlayer spacings than if they were not used, leading them to 

conclude that the anions of the mineral acids adsorb along the edges of the nanosheets, keeping 

the interlayer space open 89.  

Fluorine-free MXenes can be obtained by the hydrothermal treatment of Ti3AlC2 

powders in NaOH 90. The electrochemical etching of Ti2AlC in diluted HCl 62 and Ti3AlC2 in a 

binary aqueous electrolyte (NH4Cl + TMAOH) 63 also yield MXenes without F terminations. To 

date no method has been published to synthesize MXenes terminated solely by F-terminations, or 

without any termination at all, the latter very unlikely except possibly under extreme reducing or 

vacuum conditions. 

X-ray photoelectron spectroscopy (XPS) analysis on a wide range of MXenes multilayers 

(Ti2CTz, Ti3C2Tz, Ti3CNTz, Nb2CTz and Nb4C3Tz) by Halim et al. showed that initially, after 

etching, most of the terminations are -F, but with time are replaced by -OH 85. In the case of the 

Ti-based MXenes changing n from 1 to 2 or changing the X from C to N does not affect the 

quantity of -F terminations, but affects the -OH to -O termination ratio. Indeed, increasing n from 

1 to 2 induces an increase in the -O to -OH ratio. Replacing half of the C atoms with N leads to a 

decrease in the -O to -OH ratio. The trends observed in Ti-based MXenes are different than their 

Nb-based counterparts. The amount of -F terminations is also affected by n and the -O to -OH 

ratio decreases between Nb2CTz and Nb4C3Tz (n from 2 to 4) 85. 

The MXene terminations can also be modified during the exfoliation process. For 

example, TBAOH, used for delaminating HF-etched MXenes, increases the -O terminations at 

the expense of -F 91, indicating once again that the latter are thermodynamically unstable 

compared to -O. This was also observed when K+ and DMSO were intercalated in the interlayer 

space prior to exfoliation 86.  

Post-synthesis of the MXene surface chemistry is also possible. For example, in situ 

heating, while collecting XPS spectra of Ti3C2Tz thin films showed that the -F terminations start 

to desorb around 500 °C and are mostly desorbed by 750 °C 92 (Figure 5 C). Thermal annealing 

of Ti2C(OH)xFy at 1100 °C also resulted in a loss of the -F terminations and the formation of 
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Ti2COx 
93. The -F terminations on MXenes multilayers can also react with alkali hydroxides and 

are replaced by -O or -OH terminations 94.  

 

Figure 5: Terminations on Ti3C2Tz. (A) Schematic view of a M3X2Tz MXene showing various 

terminations: I refers to a -O termination, II to -OH, III to -F and IV to -OH strongly bond to an adsorbed 

H2O molecule. (B) Stoichiometry of surface functional groups on Ti3C2Tz produced by etching Ti3AlC2 in 

HF or HCl/LiF solutions. (C) In situ XPS measurements revealing the temperature dependent behavior of 

(from left to right) F 1s, O 1s, and Ti 2p with heating in vacuum. (A) is adapted with permission from 78, 

Elsevier, (B) is adapted with permission from 87 , (C) is adapted with permission from 92. 

 

2.4.3 Defects  

Defects can originate from the parent 3D layered materials, during etching and/or 

exfoliation. Most of the studies done so far have focused on the influence of the etching and 

exfoliation methods. Not surprisingly, they show that milder conditions result in MXenes flakes 

with less defects 33,59,75,95. 

At the atomic scale, intrinsic defects have been observed in single or double layers of 

Ti3C2Tz by TEM. Figure 6 A, shows metal adatoms and vacancies 61,95, where in this case the Ti 

adatoms are positioned above other Ti atoms in the MXene lattice. Karlsson et al. 61 suggested 
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that Ti adatoms react with oxygen to form TiOx complexes. Modifying the etching method also 

has an impact on the metal vacancies. It was shown that increasing the HF concentration during 

etching results in an increase in the defect concentration 95.  

Defects at the macroscopic scale, such as pores, were observed in MXene single layers 

and also depend on the etching conditions. For instance, it was shown that shorter etching times 

resulted in less defective Mo2CTz flakes, but the MAX to MXenes conversion efficiency was 

lower 33. Sonication during exfoliation can increase the yield, but the resulting flakes are more 

defective with a higher porosity as evidenced in Mo2CTz in Figure 6 B, and are smaller as shown 

on Ti3C2Tz in Figure 6 C. When a milder method is used, such as hand-shaking, the flakes are 

bigger (Figure 6 C) 33,75. Defects free single MXene layers have still not been reported to our 

knowledge. 

 

Figure 6: Defects in MXene single layers. (A) Atomic defects in Ti3C2Tz: single Ti vacancy in a double 

sheet (left), Ti adatom on a single sheet (right). (B) Mo2CTz sheets after etching in HF, intercalation with 

TBAOH and delaminated by two methods: hand shaking for 5 min (left) or sonication during 1 h (right). 

(C) Synthesis of Ti3C2Tz by two methods: route 1 with exfoliation by sonication leads to smaller flakes 

size, while route 2 with exfoliation by hand shaking gives larger flakes size. (A) is adapted with 

permission from 61, Copyright 2015 American Chemical Society. (B) is adapted with permission from 33, 

Wiley. (C) is adapted with permission from 17, Copyright 2017 Springer Nature. 
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3. Synthesis of 2D transition metal carbides and nitrides by bottom-up approaches 

As shown above, selective etching methods have been extensively used to synthesize 

MXenes. Recently, several bottom-up synthesis methods have also been developed including 

chemical vapor deposition (CVD)18,96,105–107,97–104, template method 108–110 and plasma enhanced 

pulsed laser deposition (PEPLD) 111,112. Compared to the selective etching process, the materials 

produced by the bottom-up methods, in particular CVD, have high crystalline quality. Moreover, 

these methods enable the synthesis of 2D transition metal carbides (TMCs) and nitrides (TMNs) 

with stoichiometries that cannot be obtained by selective etching, such as WC18,103, TaC18,98, 

TaN98, MoN108,109 and heterostructures 100–105,107. It is important to note that neither single layers 

of TMCs or TMNs have been grown so far with these methods, but rather thin film comprised of 

a few layers. However, the thin films exhibit 2D properties, in terms of superconducting 

transitions for example 18. 

3.1 CVD growth of 2D TMCs and TMNs 

In 2015, Xu et al. 18 first reported the growth of high-quality ultrathin TMCs crystals by 

CVD, in which a bilayer metal foil (copper, Cu/transition metal) was used as a growth substrate. 

A schematic of the CVD growth process is shown in Figure 7 A113. The stack of Cu/Mo foils 

was first heated to a temperature above 1085 C (Cu melting point) in hydrogen (H2), and then a 

low flow rate of methane was introduced, resulting in the formation of Mo2C crystals on the 

liquid Cu surface. During the growth process, the top liquid Cu layer plays several important 

roles. On the one hand, it acts as catalyst to decompose methane into carbon atom. On the other 

hand, it works as a channel to control the diffusion of Mo atoms from the Mo foil to the liquid 

Cu surface. As a result, ultrathin Mo2C crystals are formed on the liquid Cu surface by the 

reaction of C and Mo atoms. In addition, after Mo2C growth, the Cu acts as a sacrificial layer 

that, in turn, enables the transfer of Mo2C to any target substrate by etching because of the large 

differences in chemical reactivity between Cu and Mo2C. 

Figure 7 B shows a typical ultrathin Mo2C crystals grown on a Cu/Mo substrate. The 

latter appear in various regular shapes, mainly including triangles, rectangles, hexagons, 

octagons, nonagons and dodecagons. The thickness of most crystals can be controlled within 3-

20 nm. Importantly, the crystals can be transferred perfectly onto arbitrary target substrates by 

using 0.2 M (NH4)2S2O8 solution to etch the Cu. Atomic force microscopy (AFM) images show 
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that the Mo2C crystals have clean and smooth surfaces (Figure 7 C). Selective area electron 

diffraction (SAED) was used to show that the crystal structure was orthorhombic, α-Mo2C 

(Figure 7 D). Different from MXenes, atomic-level high angle annular dark field (HAADF)-

scanning transmission electron microscope (STEM) measurements show that the as-obtained α-

Mo2C crystals have a high crystalline quality (Figure 7 E). These high-quality samples provide a 

good platform to study the intrinsic properties of TMCs near the 2D limit, such as 2D 

superconductivity18,114,115.  

Further studies 116 show that the Mo atom sub-lattice has uniform hexagonal closely-

packed arrangement across the crystal without boundaries for all shaped crystals. However, 

except for the rectangular and octagonal crystals, the C atom sub-lattices are composed of three 

or six domains with rotational-symmetry and well-defined line-shaped domain boundaries 

because of the presence of three equivalent octahedron-off-center zigzag configurations of C 

atoms, as shown in Figure 7 F-I. These domain boundaries have been shown to have a strong 

influence on the 2D superconductivity. Moreover, the 2D α-Mo2C crystals can be transformed 

into β-Mo2C crystals under electron irradiation in a TEM 117. Importantly, this CVD method is 

quite universal and can also be used to grow other high quality 2D TMC crystals such as 

ultrathin hexagonal WC (Figure 7 J and K) and cubic TaC (Figure 7 L and M). The latter are 

grown using W and Ta foils instead of Mo, respectively18. 

Following this work, Geng et al. 97 demonstrated structural control of the morphology of 

Mo2C crystals by changing the concentration of CH4. When a low flow rate of CH4 (0.1 sccm) 

was used, fractal Mo2C crystals were obtained. With increasing CH4 concentration, the shape of 

Mo2C crystals changed from triangular to other polygons, resulting from a higher C 

supersaturation. At CH4 flow rates of 0.3 sccm, 0.4 sccm and 0.6 sccm, the dominant shapes 

were rectangles, pentagons and hexagons, respectively. However, they found that the hexagonal 

Mo2C crystals have a hexagonal structure, which is different from the orthorhombic structure 

reported by Xu et al. 18 Furthermore, they realized that the thickness of the Mo2C crystals can be 

controlled by changing the thickness of the Cu foil. Very recently, Chaitoglou et al. 104 reported 

the growth of stacks of Mo2C crystals with a thickness of ~ 2 nm, which demonstrates the 2D 

limit of the Mo2C domains. 
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Wang et al. 98 demonstrated that the CVD method also can be used to grow various 2D 

Ta-compounds. Figure 7 N shows a schematic of the growth of ultrathin TaC crystals. Besides 

TaC, 2D TaN can be synthesized by using NH3 as a nitrogen source. Different from Xu el al.’s 

work, the Cu foil in this case, is kept in the solid state during the whole growth process, in which 

a temperature close to the melting point of Cu (1077 C) was used. Figure 7 O shows a HR-TEM 

image of TaN and the inset shows the SAED pattern, which confirms that the as-obtained TaN is 

single crystalline and of a high crystalline quality. Ultrathin TaB crystals were also synthesized 

by changing NH3 to boron powder as the B source. They pointed out that the thickness of the 2D 

crystals can be more easily controlled at a temperature below the melting point of Cu. 

Furthermore, they found that the lower temperatures were enough for supplying the excess 

energy of 0.03 eV required for a Ta atom to diffuse into a vacant Cu lattice site by DFT 

calculations (for example, kBT  129 meV at 1356 K). 

Qi et al. 99 reported a different CVD process to grow ReC, which is a metastable carbide 

phase. They first grew graphene on Re (0001) at 903 K. Subsequently, the grown graphene was 

annealed at 953-1113 K and decomposed to C atoms, which were then dissolved in the Re 

substrate. Finally, during the cooling process, monatomic layer ReC crystals with a periodic 

“flower-like” superstructure were formed through C segregation from the Re substrate. 

Unfortunately, the obtained 2D ReC is difficult to separate from the Re growth substrate. 
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Figure 7: 2D TMCs and TMNs synthesized by CVD. (A) Schematic of the growth process and atomic models of 2D 

Mo2C crystals. (B) Optical image of 2D α-Mo2C crystals on Cu/Mo substrate. (C) AFM image of a 8.2 nm-thick α-

Mo2C crystal transferred on SiO2/Si substrate. (D) SAED pattern of α-Mo2C single crystal along [100]. (E) Atomic-

level HAADF-STEM image of α-Mo2C crystal. (F) SAED pattern of an ultrathin hexagonal Mo2C crystal. (G-I) 

Dark-field TEM images obtained from the ED spots 1-3 in (F) clearly showing the well-defined domain structure of 

the hexagonal Mo2C crystal. (J,K) Optical (J) and HRTEM (K) images of the 2D ultrathin hexagonal WC crystals. 

(L,M) Optical (L) and HRTEM (M) images of the 2D ultrathin cubic TaC crystals. (N) Schematic of the CVD growth 

of ultrathin 2D TaC crystals. (O) HRTEM image of 2D TaN crystal. The inset of (O) is the SAED pattern along 

[001]. (A) is adapted with permission from 113, (B-E, J-M) are adapted with permission from Springer Nature 18 

Copyright 2015, (F-I) are adapted with permission from 116 Copyright 2016 American Chemical Society, (N, O) are 

adapted with permission from  98 Copyright Wiley-VCH. 
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3.2 CVD growth of Heterostructures of 2D TMCs and Graphene  

In addition to 2D TMC and TMNs, CVD methods can also be used directly to synthesize 

vertical/in-plane heterostructures of graphene and 2D TMCs100–105,107. Two different synthesis 

approaches have been reported to grow 2D Mo2C/graphene vertical heterostructures. Deng et al. 

reported the direct growth of such structures using one-step CVD, as shown in Figure 8 A-C 107. 

Compared to the growth of pure Mo2C crystals, a higher concentration of CH4 was used to form 

graphene. The visible Raman D peak indicates the presence of defects in the graphene in the 

heterostructures which is possibly because of a competition between the growth of the 2D Mo2C 

crystals and the graphene. The 2D Mo2C crystals are located on the top of the graphene layers. 

Qiao et al. 101,105 also synthesized vertical heterostructures of 2D Mo2C and graphene by a one-

step CVD process and studied the interfacial orientational relationship between the Mo2C and 

graphene. A 11° rotational angle was found between the two, as shown in Figure 8 D 101. 

Moreover, a 2D spinodal interface was observed, which indicates that the interface in this one-

step CVD grown heterostructure is not perfect (Figure 8 E) 105. Different from Loh’s work 100, 

they found that the 2D Mo2C is located on the bottom of the graphene layers in all their 

heterostructures synthesized by one-step CVD 101,105,107.  

Xu et al. 102 developed a two-step CVD method to grow graphene/2D Mo2C vertical 

heterostructures, in which the 2D Mo2C is located at the bottom of the graphene layer. As shown 

in Figure 8 F, an intact graphene film was first grown on a solid Cu surface at temperature below 

the melting point of Cu. Subsequently, the growth temperature was increased to above the 

melting point to grow Mo2C crystals underneath the graphene layer on the liquid Cu surface. 

Very interestingly, as shown in Figure 8 G and H, the graphene and Mo2C crystals are well 

aligned in lattice orientation in the heterostructures, suggesting epitaxial growth of Mo2C on 

graphene. Similar to the pure Mo2C crystals alluded to above, the Mo2C crystals in the 

heterostructures have high crystalline quality. However, it was found that there is a considerable 

compression in the graphene in the heterostructure, as evidenced by the large Raman shift of 

both G and 2D peaks, revealing a strong coupling between graphene and Mo2C. Raman maps of 

the heterostructure (Figure 8 J-L) clearly show the presence of non-uniform strain domains, 

which results in unique superconductivity behavior that has not observed before in artificially 
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stacked graphene/2D superconductor heterostructures. Chaitoglou et al. also confirmed the non-

uniform stress in heterostructures by using Raman spectroscopy 104. 

Besides vertical heterostructures, 2D in-plane TMC-graphene (i-WC-G) heterostructure 

can also be synthesized by a similar CVD process. Zeng et al. 103 synthesized 2D in-plane WC-

graphene heterostructures at 980-1020 C, using a substrate of a Ga droplet sitting on the top of a 

W foil (Figure 8 M). They explained that Ga, as a low melting point metal, provides the 

possibility for co-segregation of W and C atoms to form in-plane WC-graphene heterostructure. 

As shown in Figure 8 N, 2D WC crystals were uniformly embedded in graphene film. The 

coverage percentage of WC can be controlled from 40% to 95% by changing the growth 

parameters, including growth temperature and growth time. The WC crystals also have a high 

quality and a typical hexagonal crystalline structure (Figure 8 O). Moreover, based on AFM 

measurements they were ~1.36 nm thick (Figure 8 P). 
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Figure 8: The heterostructures of 2D TMCs and graphene synthesized by CVD. (A) Schematic of one-step CVD 

growth of 2D α-Mo2C/graphene vertical heterostructures. (B) Optical image of a hexagonal 2D α-Mo2C/graphene 

heterostructure on Cu/Mo substrate. (C) Raman spectra of the graphene taken from the A and B areas in (b). (D) 

SAED pattern of 2D α-Mo2C/graphene heterostructure, in which the ED spots related to graphene and α-Mo2C are 

marked by blue and green circles, respectively. The scale bar is 5 nm-1. (E) HRTEM image of the cross section of 2D 

Mo2C/graphene heterostructure. (F) Schematic of the two-step CVD growth process of graphene/2D α-Mo2C 

vertical heterostructure. (G) Optical image of graphene/2D α-Mo2C heterostructures on growth substrate. (H) 

SAED pattern of a graphene/2D α-Mo2C crystal heterostructure, in which the ED spots related to graphene and α-

Mo2C are marked by green circles and red spots, respectively. I) Raman spectra of a pure 2D α-Mo2C crystal, the 

heterostructure denoted by red circle in (J) and the pure graphene denoted by black circle. (J-L) Optical image (J) 

of a graphene/hexagonal 2D α-Mo2C heterostructure, and the corresponding G (K) and 2D peak (L) position maps. 

The scale bars are 5 μm. (M) Schematic of a Ga/W bilayer substrate for CVD growth of 2D i-WC-G. (N) SEM image 

of ultrathin WC crystals embedded in graphene film. (O) HRTEM image of 2D WC crystal. (P) AFM image of a 2D 

hexagonal WC crystal with a thickness of 1.36 nm. (A-C) are adapted with permission from 107, (D) is adapted with 
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permission from 101 Copyright 2017 American Physical Society, (E) is adapted with permission from 105 Copyright 

2018 American Physical Society, (F-L) are adapted with permission from 102 Copyright 2017 American Chemical 

Society, (M-P) are adapted with permission from 103 Copyright 2017 Elsevier. 

 

3.3 Template Methods for the Synthesis of 2D TMCs and TMNs  

In addition to CVD, template methods have also been developed for synthesizing 2D 

TMCs and TMNs 108–110. Compared to CVD methods, the template method has much higher 

yields. All the template methods use 2D transition metal oxides (TMOs) nanosheets as templates, 

and these TMOs nanosheets were subsequently carbonized, or nitrided to synthesize 2D TMCs 

or TMNs. The structure of the 2D TMCs and TMNs depends on the 2D TMO used. Xiao et 

al.  108 synthesized 2D h-MoN nanosheets by using 2D MoO3 nanosheets as templates, which 

were obtained by annealing a Mo-precursor covering NaCl crystals. Figure 9 A shows the 

schematic diagram of the synthesis process of 2D MoN. XRD patterns indicate that the 2D MoN 

obtained has a hexagonal structure, with lattice constants a = b = 5.75 Å and c = 5.62 Å (Figure 9 

B). Like MXene synthesized by selectively etching MAX phase, 2D MoN nnaosheets can be 

readily dispersed in water, with the Tyndall effect being clearly observed (inset in Figure 9 B). 

The obtained 2D MoN nanosheets are very uniform (Figure 9 C) with a thickness of ~ 0.71 nm 

(Figure 9 D). 2D WN and VN nanosheets were synthesized by this method as well.  

Chakrapani et al. 109 also synthesized 2D hexagonal MoN nanosheets by the template 

method, in which 2D MoO3 nanosheets were vertically grown on a substrate by using a hot Mo 

filament reacting with O2 as template. As shown in Figure 9 E, the 2D MoO3 nanosheets were 

transformed to 2D MoN nanosheets by heating in NH3 at 800 C, which completely copied the 

morphology of MoO3 nanosheets, standing on substrate vertically as well (Figure 9 E). A 

layered-like structure was observed in the obtained 2D MoN nanosheets (Figure 9 F). These 

nanosheets have a lateral size of 20-30 μm and are 5-40 nm in thickness, which is much thicker 

than those synthesized byXiao et al. XRD analyses show that the samples are δ-MoN.  

Besides MoO3 nanosheets, MoO2 nanosheets can also be used as template to synthesize 

2D TMCs. Recently, Zhou et al. 110 synthesized ultrathin N-doped Mo2C nanosheets, using 

MoO2 nanosheets as a template and dicyandiamide - as C and N2 source – be heating at 450 C 

for 2 h and subsequently 700 C for 2 h. The MoO2 nanosheets are hexagonal sinnhape, which 
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was obtained by heating commercial MoO3 powders at 900 C in Ar/N2 (9:1) mixture. Many 

nanopores were observed on the N-doped Mo2C nanosheets, which indicate a low crystalline 

quality (Figure 9 G). A hexagonal structure was confirmed by the SAED pattern and Fourier 

transform (Figure 9 H and I). From the EDS maps, N is distributed uniformly across the whole 

nanosheet (Figure 9 J and K). They also synthesized pure Mo2C nanosheets by using glucose 

instead of dicyandiamide in the above approach. 

 

Figure 9: 2D MoN and N-doped-Mo2C synthesized by template methods. (A) Schematic of the salt-assisted 

template synthesis process of ultrathin MoN nanosheets. (B) XRD pattern of 2D MoN nanosheets. Inset shows the 

Tyndall effect of the 2D MoN colloidal dispersion in water. (C) SEM image of 2D MoN nanosheets. Scale bar is 500 

nm. (D) HRTEM image of the edge of an ultrathin MoN nanosheet. Scale bar is 5 nm. (E) Schematic representation 

of template synthesis process of 2D layers of δ-MoN. (F) Top-view SEM image of vertically aligned 2D layers of δ-

MoN on FTO. (G-I) TEM image (G), the corresponding ED pattern (H) and fast Fourier transform (I) of N-Mo2C 

nanosheets. (J, K) SEM image (J) and the corresponding EDS mapping (K) of ultrathin MoN nanosheet. (L) AFM 

image of the as-grown Mo2C thin film. (M) Enlarged cross-sectional TEM image. Inset shows a low magnification 

TEM image of Mo2C film grown on a sapphire substrate. (N) SAED pattern taken from the cross section of the Mo2C 

film grown at 700 C. (A-D), (E-F), (G-J) are adapted with permission from 108, 109,110 respectively, Copyright 2017 

American Chemical Society, (L-N) are adapted with permission from 111 Copyright 2017 American Physical Society. 

  

3.4 PEPLD Methods for the Synthesis of 2D TMCs 
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Recently, Zhang et al. 111,112 developed a PEPLD method to synthesize large-area 

ultrathin, FCC Mo2C films on sapphire (0001). This approach combines the advantages of both 

plasma enhanced chemical vapor deposition and pulsed laser deposition. In this synthesis 

process, the sapphire substrate was heated to 700 C for the deposition of high quality Mo2C 

film, using CH4 plasma as a C source reacted with the Mo vapor generated by the pulsed laser. 

They found that CH4 plasma favors the formation of Mo2C. The as-obtained FCC Mo2C film is 

quite uniform and smooth, as shown in Figure 9 L and can be controlled within 2-25 nm by 

changing the laser pulse rate. However, the films obtained have much lower crystalline quality 

than the CVD-grown samples, and a large number of stacking faults were observed in cross 

sectional TEM images (Figure 9 M). They suggested that the formation of the FCC structure 

unlike other crystal structures originates from an orientation relationship and little lattice 

mismatch between {111}Mo2C and {0003}sapphire (Figure 9 N).  

 

5. Conclusion 

Currently about 30 different MXene compositions have been synthesized by top-down 

approaches and theoretical studies predict the stability of many more. New MXenes are being 

discovered regularly, as well as new etching methods. Ironically, this embarrassment of richness 

poses somewhat of a dilemma. To date, and as this review attests, the vast majority of MXene 

papers have been on the first MXene discovered, viz. Ti3C2Tz. And while this composition has 

already shown great promise in a large number of applications, there is no reason to believe it is 

the best for all applications. There is therefore an urgent need to bring our understanding of other 

compositions to the same level as Ti3C2Tz. This is a non-trivial exercise given the large number 

of compositions and possible termination permutations, defects, etc.  This is made even more 

urgent by the fact that even for Ti3C2Tz there is a lot more we do not understand than we 

understand.  

The most efficient way to obtain this wide variety of MXenes is to use HF for now. An 

important challenge is to develop etching protocols without HF not only because of its toxicity, 

but also because the MXenes produced using HF contain -F terminations which are problematic 

for some applications, especially in the biomedical field. Even if -F terminations are reported to 
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be less stable than -O and -OH, there has been no report so far for their simple conversion post 

synthesis. 

The discovery that LiF/HCl mixtures etched Ti3AlC2 was an important breakthrough 

since for the most part it eliminated the direct use of HF. However, HF is still produced in-situ, 

and is present in the resulting etching solutions, and needs to be washed and processed. Li et al. 

90 were the first to show that it is possible to etch Ti3AlC2 hydrothermally without fluoride ions, 

but the requisite conditions (270 °C in an autoclave) are quite harsh, not scalable and the 

properties of the resulting flakes have yet to be thoroughly investigated. The approach taken by 

Sun et al. 62 in which porous MAX preforms were electrochemically etched in HCl is worth 

noting here. However, at this time, the yields of this method are quite low and the process quite 

slow indeed. A promising method is very recent work published by Yang et al. 63: they not only 

converted Ti3AlC2 in Ti3C2Tz electrochemically in a F-free electrolyte with yields higher than 40 

%, but also showed comparable performances in supercapacitors of the resulting MXenes to 

those obtained using the classical HF or HCl/LiF methods. 

 The timing of the discoveries of the i-MAX and o-MAX phases could not have been 

better vis-à-vis greatly expanding MXene’s chemical and structural space. It is worth noting that 

these phases, especially the i-MAX phases and their MXenes are still in their infancy and it is 

reasonable to assume that many more “ordered” MXenes will be discovered in the near future. 

The same is true of the o-MAX phases: DFT calculations predict the existence of 26 MXenes 

derivable from these phase 42. Only a small fraction of their parent MAX phases has been 

synthesized. Discovering these phases, converting them to their MXenes, characterizing them 

and matching them with the myriad applications is a daunting, but exciting proposition. The 

same is true for the i-MAX phases. The importance of the latter lies in the possibility of 

introducing non-traditional M elements into the mix. The original M elements – discovered by 

Nowotny - were: Ti, V, Cr, Zr, Nb, Mo, Hf and Ta. Interestingly before 2014, only one Mo-

containing MAX phase was known, today there are five. 

 As noted in the introduction the MXene discovery was paradigm shifting, because it 

showed the 3D to 2D transformation is not only restricted to relatively weakly bonded layered 

solids. For example, Zhou et al. have shown that it is possible to etch layered solids that are not 

MAX phases 34,35. By etching Al3C3 and (Al,Si)4C4 from Zr3Al3C5 and Hf3(Al,Si)4C6, 

respectively, they produced the first Hf and Zr-based MXenes. 
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Besides the well-known selective etching method, several bottom-up synthesis methods 

have been developed to synthesize 2D TMCs and TMNs. The CVD method, with bilayer metal 

foils as substrate, not only enables the growth of large-area, high-quality materials but also 

greatly expands the family of 2D TMCs and TMNs. Various 2D TMCs and TMNs, including 

MX-type (WC, TaC and TaN), non-hexagonal M2X-type (α-Mo2C, fcc-Mo2C) and hexagonal 

M2X-type (β-Mo2C) have been synthesized by CVD. Moreover, the CVD process is also an 

effective method for the growth of vertical and in-plane heterostructures of 2D TMCs and 

graphene. The template method shows great potential to synthesize uniform atomically thin 

nanosheets at a large scale. The PEPLD method can also be used to grow large-area films. 

However, there are still many issues and challenges needed to be addressed for these bottom-up 

methods. For example, synthesizing large-area, high-quality atomically thin uniform 2D TMCs 

and TMNs film by CVD still remains a great challenge, and the materials synthesized by 

template and PEPLD methods have visible defects. 
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