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Since the first report of Ti3C2 in 20111, the family of two-dimen-
sional (2D) transition metal carbides, nitrides, and carboni-
trides (MXenes) has greatly expanded and made an impact in 

the fields of energy storage, electromagnetic interference shielding, 
optoelectronics, water desalination, catalysis, medicine, and many 
others2–4. With their unique combination of properties, includ-
ing high electrical conductivity (up to 24,000 S cm−1 for Ti3C2Tx)5, 
liquid-phase processability6, tunable surface functionality7 and out-
standing mechanical properties (Young’s modulus up to 386 GPa for 
Nb4C3Tx)8, MXenes have attracted great interest4,9, generating thou-
sands of publications in the past decade10.

MXenes have the general chemical formula Mn + 1XnTx, and can 
be described as comprising n + 1 layers (n = 1–4) of one or more 
group 3–6 early transition metals (‘M’), interleaved by n layers of 
carbon and/or nitrogen atoms (‘X’), with Tx denoting surface ter-
minations (for example, –F, –O, –OH) on the outermost exposed 
M layers11,12. More specifically, the X element atoms in MXenes 
occupy the octahedral interstitial sites of M in their hexagonal 
crystal sublattice, which results in subunits of edge-sharing M6X 
octahedra, while the surface groups occupy different sites of M, 
depending on the Tx and M chemistry13. MXenes are typically pro-
duced in three steps (Fig. 1). The first step is to synthesize layered 
MXene precursors, from which the crystal structure is derived; 
these are typically MAX- (Mn + 1AXn, where ‘A’ refers to group 11–16 
atoms, such as Al, Si and Ga) or non-MAX-phase layered materi-
als with more than one ‘A’ atomic layer (for example, Mn + 1A2Xn) 
or with carbide layers of A elements (for example, MnA3Xn + 2). 
Second, the A atomic layers are etched away, exfoliating the pre-
cursors to produce weakly bonded MXene multilayers11,12. During 
the A atomic layer etching process, the weaker M–A bonds (rela-
tive to the M–X bonds) are cleaved, resulting in undercoordinated 
M metallic surfaces that will be rapidly saturated again via reac-
tion with Tx species from the etchant14. Third, the exfoliated mul-
tilayer MXene sheets are delaminated to yield single- to few-layer 
MXene sheets15,16.

Both the chemical and structural complexities of synthesized 
MXenes have substantially increased over the past decade to encom-
pass MXenes with two or more transition metals in ordered struc-
tures or disordered solid solutions17–19. The variety, uniformity, and 
compositional control of Tx surface groups, which heavily influence 
the behaviour of MXenes, now extend beyond –O, –OH and –F to 
include other halogens (–Cl, –Br, –I), chalcogens (–S, –Se, –Te), 
imido (–NH) groups and termination-free (▫) MXene surfaces7,20.

Although these developments have expanded the number of 
methods used to synthesize MXenes11, most are heavily reliant on 
wet acid etching using hazardous solutions containing hydroflu-
oric acid (HF)21. Moreover, seven out of the top ten challenges for 
the upcoming decade ranked by MXene researchers in late 2020 
were directly related to MXene synthesis4 (Supplementary Table 
1), underscoring the need for a deeper mechanistic understand-
ing to guide future synthetic efforts. The most pressing challenges 
include but are not limited to the production of large-area single-
layer flakes22, chemically safe synthesis23 and controllable surface 
chemistry7, which can be addressed through mechanistically driven 
synthesis development. With such a large compositional space and 
the potential for tunable material behaviour, a critical evaluation of 
current MXene synthetic techniques at every stage of the synthesis 
process, from precursors to single-flake MXenes, is necessary for 
future development of this growing family of materials. This Review 
aims to facilitate the theory and mechanistically guided design of 
new approaches to synthesize available MXenes and enable the syn-
thesis of MXene structures and compositions with improved qual-
ity, yield and tunable properties.

In this Review we compare the different methods at each stage 
of the MXene synthesis process. We discuss the reaction pathways 
and the effects of composition (M, A and X) on MXene precursor 
synthesis and the resulting MXenes. Then, insights into the vari-
ous etching processes during precursor exfoliation into multilayer 
MXenes (henceforth known as the etching–exfoliation process) are 
highlighted. We conclude by examining parameters that control the 
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intercalation and delamination of multilayer MXene into single- to 
few-layer flakes (henceforth known as the intercalation–delamina-
tion process). In each section, we elucidate trends between methods 
to guide future synthetic efforts. Specifically, we combine theoreti-
cal modelling, as well as in situ and ex situ characterization data, 
to understand the mechanism behind the widely adopted precur-
sor synthesis, etching–exfoliation and intercalation–delamination 
protocols. Although we focus on identifying common mechanis-
tic trends among the various synthetic methods, we highlight a 
few complementary reviews with more details on specific MXene 
synthetic methods11,20,21,24. We also centre our discussion around 
top–down synthetic methods and challenges in scalable MXene 
manufacturing. Top–down methods are the predominant means 
used to produce MXenes and are currently being evaluated for 
industrial-scale manufacturing22,25. Readers are referred to seminal 
works on bottom–up MXene synthesis to learn more about atomic-
scale growth mechanisms of 2D carbides12,26,27.

Chemistry and synthesis of MXene precursors
Although bottom–up approaches have been used to synthesize 
MXenes12,26,27, most MXenes are made via top–down methods and 
hence derive their structure and composition from their respective 
bulk layered carbide and nitride precursors3. Bulk transition metal 
carbides and nitrides possess a wide variety of chemical composi-
tions and structures owing to their stability with M and X vacan-
cies or mixed occupancies28, which results in applications from 
catalysis29 to use in extreme environments30. Recently, the MXene 

community turned to this historic wealth of studies on bulk tran-
sition metal carbides and nitrides to control the chemistry of pre-
cursor phases and synthesize MXenes with tunable and/or extreme 
properties2,13,31,32. The MXene compositions synthesized so far have 
exploited the chemical diversity of layered transition metal carbides 
and nitrides, including both MAX and non-MAX phases, as MXene 
precursors1,33–36. In this section we discuss the chemistry of these 
precursors and how their structure and stoichiometry affect the 
synthesis and properties of the resulting MXenes.

Precursor chemistry to predict exfoliation energy. Most experi-
mentally realized MXenes are derived from bulk MAX phases 
that are structurally defined by Mn + 1Xn layers interleaved by one 
(in MAX phases; Fig. 2a) layer of group 11–16 A-element atoms. 
In these precursors, the Mn + 1Xn layers are held together by strong 
ionic/covalent M–X bonds within the layers and by weaker metallic 
M–A bonds between the layers (Fig. 2b). Similar M–X and M–A 
bonding exists in some non-MAX phases that have been exfoliated 
into MXenes, such as Mo2CTx from Mo2Ga2C (Fig. 2c). These differ-
ences in bond strength allow exfoliation by cleaving the M–A bonds 
while maintaining the Mn + 1Xn layers12. To exfoliate the Mn + 1Xn lay-
ers of MXene, the precursors are commonly placed into liquid acidic 
etchants21 or molten salts37. The high stability of early transition 
metal carbides and nitrides in such environments38,39 allows Mn + 1Xn 
layers to stay intact while M–A bonds are attacked by the etchant, 
leading to selective etching and removal of the A layers. One key 
factor for the successful isolation of Mn + 1Xn MXene layers from 
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Fig. 1 | Synthesis of MXenes. Etching of the Ti3AlC2 MAX phase to produce Ti3C2Tx MXene is used as an example. MXene synthesis starts with (1) 
synthesis of precursors such as MAX (Mn + 1AXn) and non-MAX (for example, Mn + 1A2Xn) phase layered materials. Non-MAX materials contain more than 
one layer of A atoms (such as Mo2Ga2C; ref. 51) or an aluminium carbide layer in between the MXene sheets (such as Al4C4 layers in between Hf3C2 MXene 
sheets in Hf3Al4C6; ref. 33). MAX phase materials can contain more than one M metal element (M′ and M′′), which can be structurally ordered (M′ and 
M′′ in distinct atomic layers) or form disordered solid solutions (M′ and M′′ randomly distributed in the metal layers). (2) MXene precursors are then 
etched to remove the A element layers and exfoliated to yield weakly bonded MXene multilayers that can be (3) delaminated to form single sheets. Yellow 
spheres represent Tx surface terminations. In the top and middle rows (Ti3AlC2 MAX (top); Ti3C2Tx multilayers (middle)), scanning electron microscopy 
(SEM) images (left), and atomic-resolution cross-sectional scanning transmission electron microscopy (STEM) images (right) are shown. In the bottom 
row, (Ti3C2Tx single flakes), a SEM image is shown on the left and a plane-view TEM image, instead of a STEM image, is shown on the right. SEM images 
adapted with permission from ref. 21, American Chemical Society. TEM images adapted with permission from ref. 82, American Chemical Society. STEM 
images adapted with permission from ref. 119 under a Creative Commons licence CC BY 4.0.
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their bulk-phase precursors is the relative strengths of the chemi-
cal bonds present; more specifically, the strength of M–X compared 
with M–A bonds40. The effect of these different bond strengths in 
MAX and non-MAX precursors can be seen in MAXenes produc-
tion via mechanical exfoliation, as single-layer crystals of MAX 
and non-MAX phases have been isolated via shearing at the M–A 
interfaces41. Differences in composition (M, A and X) and bond 
chemistry also affect the structure, such as ordering in the M layers 
(for example, out-of-plane ordered compared with in-plane ordered 
MAX phases35,42,43). We note that, from a practical point of view, 
other factors such as the choice of etchants and the synthetic proce-
dures also affect the success of MAX to MXene production, because 
these factors determine the thermodynamic feasibility and kinetics 
of the etching reaction.

In general, the exfoliation energy of MAX and most non-MAX 
phases to MXenes is predicated on the relative strength of the M–X 

(compared with the M–A) bond, which is approximated by bond 
force constants (Fig. 2d)40. Poor exfoliation into MXenes occurs 
when both bonds are strong, and the MAX phase dissolves during 
etching if both bonds are weak40. Specifically, precursor composi-
tions with (1) particularly weak M–A bonds and (2) exceptionally 
strong M–X bonds possess lower exfoliation energy and hence 
are easily exfoliated into MXenes. Figure 2e illustrates trend (1) 
between the calculated exfoliation energy and M–A bond force 
constants40,44. The investigated MAX phases were predicted with the 
same increasing exfoliation energy trend with stronger M–A force 
constants, irrespective of their MAX structure (Mn + 1AXn, n = 1–3)40. 
This result indicates that the MAX-to-MXene exfoliation energy 
depends less on the MAX structure (n value) and more on the sur-
face transition metal M involved in both M–X and M–A bonding. 
The importance of the n value is discussed in the Etching and exfo-
liation mechanism section. The M–X bond strength, and hence the 
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exfoliation energy, also relies heavily on the chemical identity of X 
(X = C or N)—trend (2) in Fig. 2f. Using the M2AlX MAX struc-
ture as an example, nitrides are predicted to have higher exfolia-
tion energies than carbides with the same structure and M atoms 
(Fig. 2f)40. This prediction corroborates with the experimental ease 
of exfoliating Ti3AlC2 (5% HF, 24 h)21 compared with the exfolia-
tion of Ti4AlN3 (molten fluoride salts, 550 °C)45. This difference was 
attributed to the weaker M–N (compared with M–C) bond strength 
arising from the additional valence electron in N (compared with 
C)13,40,46—the additional electron places more nitride (compared 
with carbide) MAX candidates above the stability boundary of 3.6 
to 4.5 electrons per atom40. As a result, more nitride (compared with 
carbide) MAX phases are unstable, which could partially explain 
the current small number of nitride MXenes as compared to carbide 
MXenes2,47.

MAX exfoliation also changes substantially across M–A com-
positions for both carbides and nitrides (Fig. 2g). M–A combina-
tions with smaller M and/or A atoms, and/or a higher number of 
valence electrons, typically form stronger M–A bonds, leading to a 
smaller difference in the M–X and M–A bond energies40. The effect 
of higher M atom valency predicts a lower exfoliation energy for 
Ti3AlC2 (Ti = 3d2, 0.164 eV Å−2) compared to a theoretical Mo3AlC2 
MAX structure (Mo = 4d5, 0.171 eV Å−2)40, and is reflected in the 
relative ease of exfoliating Ti3AlC2 (5% HF, 24 h, 23 °C)21 com-
pared with Mo2TiAlC2 (50% HF, 48 h, 50 °C)48. Similarly, the effect 
of higher valency and smaller atomic radii in the A elements is 
demonstrated when comparing the exfoliation energy of Ti3AlC2 
(Al = 143 pm and 3p1, 0.164 eV Å−2) to that of Ti3SiC2 (Si = 111 pm 
and 3p2, 0.186 eV Å−2)40, as seen in the harsher exfoliation condi-
tions for Ti3SiC2 (30% HF + H2O2, 45 h, 40 °C)49 compared with 
Ti3AlC2 (5% HF, 24 h, 23 °C)21.

Compositional tuning of chemical bonding has also been 
exploited in non-MAX phases as an alternative to MAX phases, 
which have been experimentally difficult to exfoliate into MXenes. 
For example, it has not been possible to exfoliate the single Ga 
atomic layers from the Mo2GaC MAX phase to synthesize Mo2CTx 
MXene. Instead, the non-MAX Mo2Ga2C layered phase with two 
atomic layers of Ga between Mo2C layers (Fig. 2c) was synthesized 
and used to make Mo2CTx (refs. 50,51), relying on etching the weak 
Mo–Ga and Ga–Ga metallic bonds. Another example is the tricky 
synthesis of pure Hf3C2Tx MXenes due to the poor phase purity of 
synthesized Hf3AlC2 MAX phases, because Hf2AlC is often present 
in Hf3AlC2 MAX52. A creative solution uses the non-MAX Hf3Al4C6 
phase, which comprises covalently bonded Al4C4 layers interleaved 
between Hf3C2 layers33. By introducing Si to create an (Al, Si)4C4 
solid solution in the Al4C4 layers, the interfacial M–(Al, Si) bond-
ing weakens to decrease their exfoliation energy towards Hf3C2Tx 
MXenes33. Thus, deliberate compositional design of non-MAX 
phases can yield MXenes that would otherwise be difficult to exfoli-
ate via MAX phases.

In short, the difference between the ionic/covalent M–X bonds 
and the metallic M–A bonds lends a large degree of composition-
based design for both MAX and non-MAX phases. Continued 
experimental exploration across different M–A–X chemical com-
positions, guided by their chemical bonding behaviour, will expand 
the variety of MXene precursors and hence MXenes.

Effect of precursor synthesis on the MXene structure. After con-
sidering the effects of chemical bonding in MAX and non-MAX 
structures on their exfoliation energy, the next step is to synthesize 
the MXene precursor. The top–down approach from precursor to 
MXene implies that the processing steps chosen to form the precur-
sor MAX and non-MAX phases will substantially influence the sub-
sequent MXene properties. Here we discuss the effect of elemental 
precursors (M, A and X) and the synthesis temperature of MAX 
phases on their properties and MAX phase purity.

Pressureless (atmospheric pressure) reactive sintering under an 
inert environment is commonly used to synthesize precursor phases 
(Fig. 3a). This technique creates porous sintered billets53,54 and facili-
tates their subsequent processing to powders for etching. Hot press-
ing and hot isostatic pressing have also been used, but the dense 
MAX phase bodies produced by these methods are more difficult to 
crush and mill into powders. Most MAX phases for MXene produc-
tion have been formed using one of two powder mixture combina-
tions: a pure elemental powder mixture of M, A and X (for example, 
Ti, Al and C for Ti3AlC2) or carbide/nitride powder mixtures of MX 
and/or AX, with additional elemental powders of M, A and X (for 
example, Ti, TiC and Al for Ti3AlC2)55,56. Metal hydrides, especially 
titanium hydride, are also used57. Additionally, MAX phase synthe-
sis in the presence of molten salts, which can be further extended to 
MXene synthesis, is gaining momentum37,58.

MAX-phase formation using these powder mixture combi-
nations follows very distinct formation paths (Fig. 3b,c). Ex situ 
X-ray diffraction on an elemental powder mixture of Ta, Al and C 
revealed the intermediate compounds during the sintering process: 
mixed Ta–Al intermetallics with some TaC from 700 to 1,300 °C, 
ternary non-MAX Ta–Al–C carbides with some MAX (Ta2AlC 
and Ta4AlC3) from 1,300 to 1,500 °C, followed by Ta2AlC MAX and 
Ta4AlC3 MAX as the primary phases above 1,500 °C (ref. 53). This 
observation suggests that reactive sintering of elemental powder 
mixtures first forms intermetallic M–A compounds, after which 
these intermetallic compounds nucleate binary carbide layers on the 
carbon interface to form non-layered ternary M–A–X phases59–61. 
Figure 3b depicts the proposed formation mechanism for Ti3AlC2 
MAX. Conversely, MAX phase formation via carbides or nitrides 
as precursors follows a different formation path. In situ diffrac-
tion studies on Ti3AlC2 MAX formation from mixtures of TiCy 
(0.5 < y < 1.0) and Al reveal that, at ~700 °C, partial carbon-vacancy 
ordering in TiC0.67, parallel to the (111) plane (note the similar close-
packed nature of both the cubic TiC (111) and hexagonal Ti3AlC2 
(0001) planes), permitted Al diffusion into TiC0.67 to form Ti3AlC2 
(ref. 62). Other studies also show that Ti2AlC is converted to Ti3AlC2 
in the presence of TiCy: carbon-vacancy ordered TiCy in the form of 
Ti2C layers combines to form higher-order layers of carbon-vacancy 
TiCy in the form of Ti3C2, while Al diffuses into the carbon-vacancy 
sites at temperatures above 1,400 °C (ref. 62). These studies sug-
gest that the formation pathway using powdered carbide or nitride 
mixtures relies on carbon- or nitrogen-vacancy-assisted diffusion 
of M and/or A atoms into the structure to yield the eventual MAX  
phase (Fig. 3c).

The choice of starting precursor powders used to form the MAX 
phases, and their different formation pathways, has a pronounced 
effect on the MAX structure. Examples include defects, such as 
vacancies (M, A and/or X; Fig. 3d), at the atomic scale, and differ-
ences in the MAX grain sizes and shapes on the micro/macroscopic 
scale (Fig. 3e, top row). These variations in the MAX structure and 
stoichiometry are consequently translated to the resulting MXene 
morphology and behaviour61. For example, the average flake sizes 
of Ti3C2Tx MXene derived from Ti3AlC2 MAX produced at 1,650 °C 
using three different carbon sources (graphite, TiC and amorphous 
carbon lampblack) were 4.2 µm, 2.6 µm and 0.5 µm, respectively, with 
as-filtered film electrical conductivity values of 4,400 ± 110 S cm−1, 
3,480 ± 60 S cm−1 and 1,020 ± 50 S cm−1, respectively (Fig. 3e, bottom 
row; Ti3C2Tx from amorphous carbon lampblack is not shown)61. 
The larger flake sizes and higher electrical conductivity of Ti3C2Tx 
derived from Ti3AlC2 via elemental powder mixtures using graphite 
(compared with amorphous carbon) as the carbon source suggest 
that the graphitic carbon layers acted as nucleation sites for Ti–
Al intermetallics and/or elemental Ti layer growth towards larger 
Ti3AlC2 grain sizes61. The intermediate flake size and conductivity 
of Ti3C2Tx derived from TiC-produced Ti3AlC2 could be due to the 
variable concentration of carbon vacancies (value of y in TiCy)55. The 
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lower conductivity of the Ti3C2Tx MXene made from TiC-produced 
Ti3AlC2 also highlights the effect of the MAX-phase sintering tem-
perature—Ti3C2Tx prepared from TiC-produced Ti3AlC2 (2 TiC: 1 
Al: 1 Ti) at a lower temperature of 1,400 °C exhibits much higher 
electrical conductivities, from 8,000 (ref. 63) to 15,000 S cm−1 (ref. 22). 
The lower electrical conductivity of Ti3C2Tx MXene made from the 
1,650 °C-synthesized Ti3AlC2 can be attributed to defect formations 
(vacancies) or the lack of stoichiometric ratio in the elements (due 
to Ti and Al sublimation) during synthesis at higher temperatures.

Recently, Ti3AlC2 MAX was synthesized using TiC as the carbon 
source, but with excess Al and Ti (TiC:Al:Ti = 2:2.2:1.25 instead of 
the stoichiometric ratio of 2:1:1, rightmost column in Fig. 3e)55; this 
afforded Ti3AlC2 MAX phases with detectable Ti–Al intermetal-
lic impurities55. After impurity removal and HF/HCl etching, the 
synthesized Ti3AlC2 MAX produced Ti3C2Tx MXene with a mod-
est 1.6-µm average flake size but a significantly improved electrical 

conductivity of ~20,000 S cm−1. This improvement was attributed to 
an increase in carbon content to reach the stoichiometric Ti:C ratio 
in the Ti3AlC2 MAX phase55, suggesting that an excess of metals may 
remove oxygen from the sintering environment and prevent loss of 
carbon, minimizing the vacancies (or substitutional oxygen) in the 
carbon sublattice. Additionally, the degradation rate of delaminated 
MXenes in aqueous colloidal solutions can qualitatively indicate 
defect concentration in the MAX phases used, because MXene oxi-
dation is substantially enhanced by defects in the MXene structure61. 
Whereas Ti3C2Tx MXene produced with stoichiometric ratios of Al 
and Ti with different carbon precursors (elemental sources such 
as graphite or amorphous carbon lampblack, or powdered carbide 
sources such as TiC) degraded significantly within a week61, Ti3C2Tx 
MXene produced from TiC with excess Al and Ti demonstrated no 
detectable signs of oxidation as a dilute aqueous colloid over many 
months (Fig. 3f)55.
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To conclude, the M–A–X chemical composition can be used 
to predict the exfoliation energy of the MXene precursors. When 
synthesizing these MAX and non-MAX materials, the formation 
pathway, choice of elemental precursors, ratios of raw materials and 
the sintering conditions must be considered, because they all influ-
ence the properties of the precursor formed and, subsequently, the 
MXene. These considerations remain understudied in the broader 
MXene literature, particularly for MXenes other than Ti3C2Tx, even 
though they can strongly affect the properties of MXenes. Future 
studies should explore the effects of M, A and X composition and 
the formation pathways of MAX and non-MAX precursors.

Mechanism of MXene synthesis
After formulating and synthesizing the MAX (and non-MAX) 
phase precursors, they are etched and then exfoliated to produce 
multilayer MXenes. In the first report1, HF was used as an etchant 
to remove Al layers from Ti3AlC2. Many more protocols have since 
been developed, ranging from direct and indirect HF-based synthe-
ses to electrochemical, alkaline, molten salt and halogen etching11,64. 
Weakly bound multilayer MXenes can be further delaminated into 
few- to single-layer 2D sheets12. An atomistic understanding of 
MXene etching and delamination provides the first steps towards 
understanding why some methods only produce specific MXenes, 
and how the MXenes’ properties and surface chemistry can be con-
trolled through synthesis. In this section, we highlight trends and 
differences between the existing etching–exfoliation and intercala-
tion–delamination methods, examining the selectivity of the differ-
ent methods towards specific MXenes.

Etching approaches. In top–down MXene synthesis, the A 
atomic layer is selectively removed from the precursor, leaving the 
Mn + 1Xn layers intact (Fig. 4). The A element in MAX has a nomi-
nal oxidation state close to zero (for example, Al0 in Ti3AlC2)46, so 
the etching process is an oxidation of the A atom (for example, 
to Al3+ or Si4+). Theoretically, the ability to remove the A element 
depends on the Gibbs free energy of the etching reaction, which, 
in the case of HF etching of Al-based MAX phases, is related to 
the bond strength of the M–A bond compared with that of the 
M–X bond, as well as other factors such as the Gibbs free energy 
of by-product formation. More generally, exfoliation also depends 
on the oxidation of the A element, and its subsequent conver-
sion to soluble by-products via ligation, to be transported away 
from the precursor. The latter is crucial, as the etching process 
stops immediately if the oxidized products and/or the subsequent 

hydrolysis products of the oxidized species (that is, aluminium 
oxides and hydroxides) restrict the etchant’s access to the pre-
cursor reaction sites (subnanometre 2D galleries) for further 
etching65. The etching solution should also be able to remove the 
protective native oxide layer66, which is present on the surface of 
MAX-phase particles.

In the case of etching Al-based MAX phases (for example, 
Ti3AlC2) in HF-containing solutions (Fig. 4), protons (H+) act as the 
oxidizing agent, and F− serves as the ligand solubilizing the by-prod-
uct (Al3+), as shown in equations (1) and (2). Other oxidizer–ligand 
pairs can also be employed for the etching process. The F− ligands 
can be replaced by OH− because of the amphoteric nature of Al3+, 
forming the basis for alkali-based etching routes65, even though this 
route should be independently confirmed and further investigated. 
Oxidation of Al can also be performed electrochemically according 
to equation (3), which, when coupled with OH− and/or Cl− ligands, 
allows for fluoride-free electrochemical etching67,68. Similarly, for 
non-Al-based MAX phases, the etchants must be able to perform 
oxidation and ligation of the A elements. For example, due to the 
strong Ti–Si bonding as previously discussed, etching Ti3SiC2 MAX 
requires an additional oxidizer(s), such as HNO3 or H2O2, alongside 
HF as the F− ligand source49:

Ti3AlC2(s) + 3H+(aq) → Ti3C2(s) + Al3+(aq) + 3/2H2 (g) (1)

Al3+(aq) + 3F−(aq) → AlF3 (aq) and

Al3+(aq) + 6F−(aq) → AlF63−(aq)
(2)

Ti3AlC2(s) → Ti3C2(s) + 3e− + Al3+(aq) (3)

Similar analyses can be applied to non-aqueous etching routes 
(Fig. 4). For halogen-based etching, the halogens and halide ions 
act as the oxidizing agent and ligand, respectively69,70. In the mol-
ten salt route, the transition metal in the halide salt, such as Cu2+ 
in CuCl2, serves as an oxidizing agent, while the halide ions act as 
ligands37,58. Like fluoride ions in aqueous etching routes, halogen 
ligands play a crucial role in transporting the by-products of etch-
ing, such as AlCl3, away from the etching sites via evaporation. The 
thermodynamic feasibility of molten salt synthesis was previously 
elucidated from the standard electrode redox potential standpoint37. 
Recently, electrochemical oxidation of Al in molten salt systems was 
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reported71, where the applied positive potential is used for Al oxida-
tion and Ti3AlC2 etching, as shown in equation (3).

Developing safe and environmentally friendly HF-free MXene 
synthetic routes is a critical challenge for MXene research4, and can 
be addressed by identifying appropriate HF-free oxidizer–ligand 
pairs as guided by redox potentials37. Electrochemical etching of 
MXene precursors is very attractive due to the versatility of electro-
chemical set-ups, which can be applied in a variety of aqueous and 
non-aqueous systems, but their success has been limited thus far71. 
Additionally, little attention has been paid to etching MAX phases 
beyond Al-based ones. So far, there have been only a few examples 
of etching Si49 and Ga50,51 for MXene production. Note that Ga was 
etched from a non-MAX Mo2Ga2C structure. There are other MAX 
phases, for example Sn-based, that may offer Mn + 1Xn chemistries 
that do not exist in the Al-based MAX family36, and successful etch-
ing of these MAX phases may yield new MXene structures. Finding 
new oxidizer–ligand pairs and exploiting other unconventional 
approaches72,73 may lead to the discovery of MXene structures with 
unique properties.

In addition to the aforementioned solution-based etching routes, 
molten salt37,58 and halogen-based69,70 etching have gained popu-
larity because they have produced MXenes with Tx functionalities 
(–Cl, –Br, –I, –NH, –S, –Se, –Te and □) beyond those afforded 
by conventional HF-based etching7. We anticipate that these tech-
niques will be adapted for the synthesis of MXenes beyond Ti3C2Tx, 
especially for nitride MXenes45,74,75, which are challenging to pre-
pare via HF etching3. Furthermore, molten salt synthesis is scal-
able and may offer an environmentally friendly approach for the 
one-pot synthesis of both MAX phases and their corresponding 
MXenes71,76–78. Another advantage of these techniques is the realiza-
tion of uniform Tx coverage, which can be substituted with many 
other surface groups7. These synthetic routes present an opportu-
nity to investigate Tx-dependent MXene properties to develop Tx-
engineered MXenes for surface chemistry-sensitive applications37,78. 
However, delamination of MXenes produced by molten salt synthe-
sis into single-layer flakes remains a challenge79.

Regardless of the etching route (Fig. 4), the surface chemis-
try of MXenes is a key differentiator when compared to other 2D 
materials. It offers an additional approach, beyond structure and 
chemical composition, to tune MXene properties3. The ratio of the 
different surface Tx groups produced during etching depends sub-
stantially on both the etching conditions (for example, molten salt37 
or HF-based etching, with or without HCl14,21, afford different sur-
face terminations) and the chemistry of the MXene being etched 
(Ti-based MXenes have a higher affinity for –F terminations than 
Mo-based MXenes17). The surface terminations present on Ti3C2Tx 
(O, F) are thermally stable up to 750–800 °C (refs. 80,81), requiring 
relatively harsh conditions to remove or exchange the Tx groups. 
At the same time, covalent modification of the MXenes’ surface 
using chemically reactive –OH (via condensation reactions)82, –F 
(via alkali treatment)83 or –Cl and –Br groups (via substitution in a 
molten salt)7 has been used to tailor their properties.

Etching and exfoliation mechanism. Molecular dynamics simula-
tion of Ti3AlC2 etching with HF reveals that the initial adsorption 
of H and F atoms on Ti atoms weakens the Ti–Al bond, ultimately 
removing Al as soluble AlF3 and creating an interlayer space to 
facilitate further HF and H2O intercalation for subsequent etching84 
(Fig. 5a). Notably, the resulting mixed surface terminations of 
Ti3C2Fx(OH)1 – x are random and non-uniform, corroborating the 
results of other computational studies for different MXenes (Ti2N, 
Ti4N3, Nb2C, Nb4C3, Ti2C and Ti3C2)85. This study suggests that the 
Tx distribution is largely independent of the MXene composition (M, 
X chemical identity) or the number of atomic layers (value of n)85.

Unfortunately, designing in situ experiments to study the etch-
ing process is difficult because of the corrosive etchants used and 

the gases released. Experimentally, several studies have attempted to 
deepen our understanding of the etching process step by step. The 
etching of Ti3AlC2 MAX with HF and LiF/HCl was probed ex situ by 
preparing cross-sections of Ti3AlC2 using focused ion beam (FIB), 
then exposing them to different etchants and obtaining TEM images 
at different stages of the etching process (Fig. 5b)86. It was revealed 
that etching propagated stepwise, instead of simultaneously, in all 
MAX layers exposed to the etchant. The layers at the edge (surface) 
of the MAX particle were etched first, and the layers in the middle 
of the particle remained intact, despite contact with the etchant  
(Fig. 5c, right). A plausible explanation is the substantial strain 
induced by intercalation during etching and deformation in the 
etched Ti3C2Tx MXene layers (Fig. 5c, left), which limits the number 
of MAX layers that can be etched simultaneously. In addition, pure 
HF etches through the grain boundaries, separating polycrystalline 
MAX particles into individual crystallites and thus completely etch-
ing the MAX particles. However, in situ generated HF from LiF/HCl 
does not attack the grain boundaries, leaving behind incompletely 
etched MAX, in the case of polycrystalline grains86.

The etching of V2AlC pillars deposited on a substrate was also 
investigated (Fig. 5d)87. When defects were present, etching was ini-
tiated at the defect sites, propagating along crystallographic direc-
tions with a lower atomic density of Al (Fig. 5e)87. Unexpectedly, at 
~45 µm into the etched grain, the etching rate notably diminished, 
suggesting an upper size limit to the MAX particle that can be 
etched and, by extrapolation, the resulting MXene flake size. These 
studies86,87 demonstrate the vital role of defects (in the MAX phase), 
grain boundaries and particle size, and their influence on MXene 
etching.

These studies86,87 revealed another parameter affecting the exper-
imental etching conditions—the thickness of the MXene layers 
(value of n in Mn + 1XnTx). As discussed in the previous section, the 
strength of the M–A bond in carbide MAX phases determines the 
exfoliation energy within the same MXene structure (for example, 
M3AlC2, n = 2). This correlation is clearly illustrated in the etching 
of Ti3AlC2 (5% HF, 24 h, 23 °C)21 compared with Mo2TiAlC2 (50% 
HF, 48 h, 50 °C)48, due to the stronger Mo–Al bond compared with 
the Ti–Al bond. However, the thickness factor becomes apparent 
when comparing MXenes with similar chemistries. For example, 
Mo2TiC2Tx (n = 2) and Mo2Ti2C3Tx (n = 3) require etching for 48 and 
96 h in 50% HF, respectively48. Both MXenes have Mo atoms occu-
pying the outer layer17 and thus possess similar exfoliation energies 
based on the Mo–Al bonding. In another example, Nb2CTx (n = 1) 
and Nb4C3Tx (n = 3) were produced by etching their corresponding 
MAX phases in 50% HF for 48 and 168 h, respectively48. Finally, 10 h 
of etching was required for the synthesis of Ti2CTx (n = 1)56 using 
10% HF, compared to 18 or 24 h of etching for Ti3C2Tx (n = 2)21 
under similar conditions. The difference in etching conditions is 
possibly related to the stiffness of the Mn + 1Cn layers, which increases 
with the n value66. Deforming thicker MXene layers requires a larger 
force, and the mechanical stress limits intercalation of ions during 
the etching, thus demanding longer and/or harsher etching condi-
tions for breaking the same M–A bonds.

We argue that the etching conditions discussed above are far from 
optimized. For example, the most common MAX phases, Ti2AlC 
and Ti3AlC2, which possess similar Ti–Al bonding but different n, 
are sometimes etched under similar conditions48. Other parameters, 
such as the MAX synthesis method, particle size and the thickness 
of its protective oxide scale, can affect the experimental etching con-
ditions and confound analysis. Systematic studies directed towards 
optimization of the etching conditions for different MXene chem-
istries are vital for improving our understanding of the fundamen-
tal mechanisms behind the etching process(es) and improving the 
quality, flake size and properties of MXenes. Furthermore, etching 
kinetics is an understudied area that can reveal more information 
about the etching mechanism for different MXenes. Studies of the 
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kinetics of Al extraction from Ti3AlC2 MAX are limited88, neces-
sitating further investigations.

Intercalation and delamination mechanism. Although multilayer 
MXenes obtained immediately from etching can be used for appli-
cations in adsorption and a few other fields89, separating (delami-
nating) MXenes into individual 2D sheets is required for many 
other applications3. Separating MXene layers requires overcoming 
attractive forces between MXene layers (Fig. 6a). Higher adhesion 
energy values were measured for the thicker Ti3C2Tx MXene (n = 2), 
compared to monolayer graphene or thinner MXenes (Ti2CTx and 

Nb2CTx)90,91, due to the stronger dipole moment and higher polar-
ity of Ti3C2Tx (Fig. 6b). Hydrogen bonding between MXene layers 
and incomplete etching86 further complicate the delamination pro-
cess, rendering the mechanical exfoliation of MXenes somewhat 
challenging, at least for manufacturing few-layer flakes. Instead, 
intercalation of different molecules and ions, followed by agitation 
or sonication, is widely used (Fig. 6c)15,16. Intercalants expand the 
interlayer space and weaken interflake interactions. Intercalants 
used for MXene delamination include solvents, organic molecules 
and ions12. Subsequently, agitation and/or sonication (in a suitable 
solvent) provides the necessary energy to separate the weakly bound 
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multilayers into a stable colloidal solution of single- to few-layered 
MXenes to achieve successful delamination (Fig. 6d)66. The solvent 
choice depends on the MXenes’ surface chemistry: polar solvents92 
such as water, dimethylsulfoxide (DMSO), dimethylformamide 
(DMF) and N-methyl-2-pyrrolidone (NMP) are suitable solvents 
for O-, OH- and F-terminated MXenes82,93.

Typical delamination agents that have been successfully used 
for selected MXenes are summarized in Fig. 6e66. Many of these 
agents have been used previously for delaminating other layered 
materials, such as clays, oxides or MoS2, into 2D sheets. DMSO 
was one of the first molecules used to intercalate and delaminate 
HF-etched Ti3C2Tx (ref. 93). For MXenes beyond Ti3C2Tx (ref. 48), 
tetraalkylammonium hydroxide bases, such as tetramethylammo-
nium hydroxide (TMAOH) and tetrabutylammonium hydroxide 
(TBAOH), are effective delamination agents16. For Ti3C2Tx and 
other Ti-based MXenes (Ti2CTx and Ti-based solid solutions) pre-
pared in the presence of HCl and fluoride ions, Li+ ions have been 
used for delamination21. Interestingly, Ti3C2Tx prepared via pure HF 
etching, and many other MXenes, cannot be delaminated with LiCl 
(Fig. 6e)94. The delamination selectivity of LiCl was attributed to the 
–Cl terminations and/or Cl− ions adsorbed on the MXene edges94,95, 
and non-accessible interlayer spacing for ion exchange for MXenes 
etched with pure HF96, illustrating the implication of the etching 
method for the delamination process. Considering the poor stabil-
ity of MXenes in high-pH solutions (that is, TMAOH or TBAOH)97 
and the detrimental effect of bulky tetraalkylammonium ions on 
film conductivity48,98, developing new delamination techniques with 
inorganic intercalants is a promising research direction.

In these intercalation–delamination approaches, the intercala-
tion of ions and molecules results in a pronounced increase in the 
c lattice parameter of the multilayer MXenes (Fig. 6f). The MXene 
c lattice parameter includes two interlayer spacings and is derived 
from the MAX unit cell, which includes two MXene layers. Beyond 
ion intercalation, swelling of MXenes through water intercalation21 is 
also an essential step in aqueous delamination processes. For exam-
ple, the intercalation of highly hygroscopic Li+ ions leads to sub-
stantial water insertion into the MXene interlayer spaces (Fig. 6g)99.  
Moreover, Li+ ions interact strongly with the MXene surface  
(Fig. 6h)100, which is another factor behind the successful delamina-
tion of Ti3C2Tx with LiCl. As a consequence of the intercalants per-
sisting on the MXene layers even after delamination and extensive 
washing98, these intercalants play a pivotal role in the colloidal sta-
bility of MXene flakes after delamination101. The addition of multi-
valent ions102 or the removal of adsorbed ions via acid treatments103, 
which result in MXene flocculation and gelation, illustrate this 
effect. Taken altogether, these considerations complicate the devel-
opment of new delamination approaches because they rely on fine-
tuning the intercalant–surface interactions (which depend on the 
surface terminations and, thus, the MXene etching protocol) and 
intercalant–solvent interactions. Recent works on osmotic swelling96 
can provide the potential for delaminating MXenes beyond Ti3C2Tx 
using inorganic intercalants. More studies should be dedicated to 
delaminating Ti3C2Tx prepared via molten salt etching, which has 
proved to be challenging71 as current protocols involve dangerous 
chemicals7 and/or extended sonication79 with limited yield.

Outlook
With an ever-expanding MXene family (approximately 50 pres-
ently reported), the level of chemical and structural complexity has 
far exceeded that of Ti3C2Tx to include one or more M elements3,12 
with varying Tx surface groups7,20. This expansion in the MXene 
family has been accompanied by new synthetic methodologies to 
meet the increasing demand for advanced in-plane, out-of-plane 
ordered, solid-solution and high-entropy MXenes3. In this regard, 
we stress the importance of understanding each step of the MXene 
synthesis process (precursor synthesis, etching and exfoliation, and 

intercalation and delamination) for application-driven design. Each 
application demands a different set of properties (for example, lateral 
flake size, defects density and surface functionality). These proper-
ties are summarized in Table 1 for some representative applications, 
together with the known and possible synthetic routes towards 
MXenes with these qualities. A flowchart outlining the variety of 
physical and chemical properties of MXenes produced by the differ-
ent MXene synthesis methods is provided in Supplementary Fig. 1.

For instance, MXenes are typically processed as slurries, also 
known as MXene clay104 (partially delaminated multilayers with 
intercalated ions and water), inks105 (colloidal dispersions of single- 
to few-layer flakes), and films106 (vacuum-filtered, spin-, spray- or 
blade-coated restacked layers) for energy storage and photo-/
electrocatalysis9. In these two applications of MXenes as electrodes 
and catalysts, MXenes should possess (1) high electrical conductiv-
ity to reduce interfacial charge transfer resistance, (2) high aqueous 
solution processibility, hydrophilicity and electrochemical stabil-
ity in aqueous electrolytes, and (3) Tx compositional control and 
tunability for optimal binding towards analytes9. Thus, aqueous 
HF-105, alkali-65 and halogen-based69,70 etchings are suitable methods 
to achieve Tx compositional control, while Lewis acid molten salt 
etchings can provide new Tx functionalities7,37,58 for specific bind-
ing to analytes to enable highly selective chemical transformations. 
Electrochemical etching of MAX electrodes provides an additional 
advantage by conveniently and directly producing MXene elec-
trodes without additional transfer or electrode preparation steps71.

In another example, fundamental 2D transport phenomena stud-
ies, such as superconductivity, quantum transport and facet-depen-
dent catalysis demand a higher degree of control over the thickness 
and defect concentration to minimize confounding factors. One 
approach is via physical or chemical vapour deposition growth of 
MXenes to produce large-area ultra-thin MXene sheets with con-
trolled thickness and defect density12,26,27. Recent progress in top–
down processes enables the minimization of defects concentration55 
and the scalable production of monolayer Ti3C2Tx flakes with large 
lateral sizes (>10 μm)22. In all, identification of the key desired (and 
undesired) qualities for the intended application(s) is critical, and 
MXene synthesis can be suitably tailored towards material perfor-
mance and selectivity.

To further expand the chemical and structural variety of the 
MXene family, we encourage investigations into the large family of 
both MAX (~155 known compositions)36 and non-MAX layered 
carbides and nitrides. Specifically, future studies should focus on 
the effects of the M, A and X constituents and the various reaction 
pathways towards the synthesis of layered precursors, relating them 
to the resultant MXene morphology, structure and chemistry (for 
example, flake size, defects in the M and/or X sublattice, M and X 
elemental composition). For example, alloying the A atomic layers 
(forming solid solutions) or creating defects (vacancies) in those 
layers can weaken the alloyed M–A bond33. Additionally, recent 
advances in the production of MAX phases with A elements beyond 
groups 13–16 of the periodic table (such as Fe, Co, Ni or Mn107) 
present an attractive opportunity to synthesize MXenes from these 
new MAX phases. We speculate that molten salt synthesis may be 
applicable in this endeavour, given that they have been used to pro-
duce Ti3C2Tx from Ti3ZnC2 (A = Zn)37. Etching of MAX phases with 
late transition metals as the A elements should also account for the 
increased valence electron count in these A elements. Future synthe-
sis of new precursor non-MAX phases without M–A bonding can 
also focus on developing nanolamellar transition metal carbide or 
nitride structures with highly directional M–X bonding strengths, 
such as the in-plane Hf–C compared with out-of-plane Hf–C–
(Al,Si) bond to produce Hf3C2Tx from Hf3(Al,Si)4C6, which allows 
the possibility of exfoliation to MXene33. Furthermore, an emerging 
subfamily of MXenes with X = B (MBenes)108 brings new challenges 
in selective etching owing to the lower valence electron count of 
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boron in comparison to the carbon or nitrogen counterparts. These 
efforts in M, A and X compositions and non-MAX precursor struc-
tures can potentially allow synthesis of MXene compositions that 
cannot be easily prepared with currently available MXene precur-
sors. Additionally, we stress that the structural perfection, grain size 
and stoichiometry of the precursor have a pronounced impact on 
the structure and properties of the resulting MXene55,61.

Etching–exfoliation and intercalation–delamination mecha-
nisms should also be studied in concert with MXene precursor 
preparation as (1) the MXene precursor structure and composi-
tion affects its etching effectiveness and (2) the Tx functionalities 
conferred by the etching process directly alter the intercalant–sur-
face–solvent interactions and thus the feasibility of the intercalant 
delaminating the multi-layered MXene. These processes are most 
efficiently studied through a combination of theoretical simulations 
and modelling at different length and time scales84,87, with in situ 
and ex situ characterization86, to track them stepwise. Furthermore, 
because these processes (that is, etching, exfoliation, intercala-
tion and delamination) are also responsible for creating surface 
Tx groups that directly influence MXene properties, a mechanistic 
understanding of these processes may enable intercalation-98 and 
Tx-engineered7 MXenes with tailored electronic and/or magnetic 
properties, such as ferromagnetism98 or semiconductivity7.

We additionally highlight Lewis acid molten salt etching37,58,71,79 as 
a nascent but important synthetic method towards nitride MXenes, 
and new Tx chemical identities beyond those from conventional 
solution-based etching7,37,58. This method is particularly relevant for 
nitride MXenes, which, despite their promising electronic and fer-
romagnetic properties for spintronics109, have been synthesized with 

limited success45,47,74,75 in comparison to carbide MXenes. Therefore, 
targeted etching and exfoliation work is required for selective 
M–A bond etching over the M–N bond, which is complicated by 
the higher predicted M2AN exfoliation energy to produce nitride 
MXenes, compared to that of M2AC to produce carbide MXenes 
(Fig. 2g)40.

It is important to note that the storage and stability of MXenes is 
an active area of research within the MXene community. Given that 
both the MAX and MXene synthesis methods strongly influence 
the resistance to oxidation and hydrolysis of the resultant MXenes  
(Fig. 3f)55,61, extending our understanding of the etching–exfolia-
tion and intercalation–delamination mechanisms will also help to 
prevent MXene degradation and produce MXenes with enhanced 
oxidative and aqueous phase stability110. As previously mentioned, 
the use of excess Ti and Al in Ti3AlC2 synthesis was reported to 
increase the ambient stability of Ti3C2Tx suspended in aqueous solu-
tions from a week to at least 10 months55. The increased stability 
was attributed to increased carbon content in the carbon sublattice 
of Ti3AlC2 when using excess Ti and Al, which reduces Ti surface 
vacancies and defects in the final structure55. Future studies are nec-
essary to elucidate the role of defects and the stoichiometry of the 
MAX precursors on the quality and stability of the MXene sheets 
produced from them. Etching and delamination protocols are also 
important steps to control the quality of MXene through surface 
terminations, defects and flake size. For example, increasing the HF 
concentration is known to increase the concentration of defects in 
the resultant MXene111. Thus, instead of adding all the acid at the 
start of the synthesis, prolonged HF addition to maintain a low HF 
concentration in the reaction vessel may further improve the quality 

Table 1 | Synthetic methods to produce MXenes for various applications

MXene application Desired physical properties Known synthetic methods Other possible synthetic 
methods

energy storage and catalytic conversion
Catalytic electrodes (electro-, photo-, 
photoelectrocatalysis)
Batteries and supercapacitors

High electrical conductivity
Tunable Tx towards selective 
adsorption of analyte
Hydrophilicity and solution 
processability

HF etching113

Electrochemical etching68

Alkali etching65

Halogen etching70

Lewis acid molten salt etching37

None—most MXene synthesis 
methods today have already 
been evaluated for energy 
storage and conversion 
applications

electromagnetic and electronic
EMI shielding, antenna
Electronics (MXetronics), optoelectronics, 
photonics, bioelectronics (MXtrodes)
Wearable electronic sensors

High electrical conductivity
Large surface area
High mechanical stability
Hydrophilicity and solution 
processability (for MXtrodes)

HF etching114 Alkali etching
Halogen etching

environmental and sensing
Chemical (gas, liquid)
Trace heavy metal adsorption
Membranes (gas, liquid separation)

High electrical conductivity
Hydrophilicity and solution 
processability
Tunable Tx towards selective 
adsorption of analyte

HF etching115 Electrochemical etching
Alkali etching
Halogen etching

Biomedical
Antimicrobial, antibacterial
Biosensors, cancer theranostics
Drug delivery
Adsorption

Hydrophilicity and solution 
processability
Tunable Tx towards selective 
adsorption of analyte
Large surface area

HF etching116

Electrochemical etching117

Alkali etching118

Halogen etching

Mechanical
Tribology (stiffness, adhesion, lubrication)
Structural composites

Tunable Tx towards varying 
lubrication or stiffness
Controllable MXene thickness
Minimal defects
Large surface area

HF etching13 Alkali etching
Halogen etching
Lewis acid molten salt etching

Fundamental studies
2D transport properties
Facet, thickness-dependent properties 
(catalytic, optical, magnetic, electronic)

Controllable MXene thickness
Minimal defects
Uniform Tx

Very large surface area

CVD growth of MXenes26

Lewis acid molten salt etching7
HF etching

The most important physical and chemical properties of MXenes required for respective applications are also listed. CVD, chemical vapour deposition; EMI, electromagnetic interference.
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of the resultant MXene. These examples demonstrate the need for 
controlling all synthetic parameters at every step of the process for 
producing high-quality MXenes.

While MXenes continue to expand into new fields as a conse-
quence of their tunable properties, scalable synthesis, and promis-
ing predicted and actual performance, efforts have been undertaken 
to enable high-throughput and scalable MAX77 and MXene22,25 
(top–down) manufacturing. Ti2AlC and Ti3AlC2 are both pro-
duced commercially in hundreds of kilograms, although synthesis 
from low-cost precursors is essential for further adoption of these 
materials112. Additionally, Ti3C2Tx has been successfully produced 
in large quantities as films (1-m long, 10-cm wide, 940-nm thick) 
through blade coating22, powders (50 g per batch)25 and colloi-
dal suspensions (5 l of 10 mg ml−1 per batch) through HF etching 
in batch reactors25. This large-scale processability of MXenes is a 
considerable advantage over many other 2D materials that are pro-
duced by bottom–up approaches in small quantities. Additionally, 
no notable differences in the chemical and physical properties were 
observed when producing Ti3C2Tx at the 1-g or 50-g batch scale25. 
When scaling MXene HF etching from the laboratory bench to 
larger scales, deliberate attention should be paid to the monitoring 
(using probes), processing (homogeneous mixing and agitation) 
and control of reaction conditions (temperature, pH) and by-prod-
ucts (H2 gas)25.

On environmental, health and sustainability fronts, engineering 
controls should be put in place to minimize or eliminate HF expo-
sure and prevent thermal runaway caused by exothermic reactions 
during the initial mixing of MXene precursors with the etchant23,25. 
Although other MXenes are expected to be similarly scalable syn-
thetically through HF etching, the practical viability of scaling HF 
etching to produce MXenes beyond Ti3C2Tx should be evaluated, 
given that each MXene etches at a different HF concentration and 
temperature11. We anticipate that the development of scalable Lewis 
acid molten salt etching37,58,71,79 will be highly complementary by 
producing MXenes that cannot be presently made through HF etch-
ing, such as nitride MXenes and MXenes with new Tx groups, hence 
opening future opportunities.
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