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ABSTRACT: Expanding the MXene design space from ordered and random double-transition-
metal (DTM) MXenes to include high-entropy (HE) MXenes with four or more principal elements 
enables a powerful approach for enhancing MXene properties. While many DTM MXenes possess 
unique structures that strongly influence material properties, HE MXenes are largely unknown 
because they are only recently synthesized. Since certain combinations of transition metals (TMs), 
e.g., Mo-Ti and Cr-Ti, lead to ordered DTM MXene phases, where Mo/Cr atoms occupy the outer 
TM layers and Ti atoms occupy the inner layers, it is critical to investigate any possibilities of TM 
segregation in the atomic layers of HE MXenes. Therefore, we present a high-throughput first-
principles study of the atomic configurations of two recently synthesized HE M4C3 MXenes: 
TiVNbMoC3 and TiVCrMoC3. Combining density functional theory, cluster expansion, and 
Monte Carlo simulations, we predict a unique preferential occupancy of the TM atoms in the four 
layers within the single-phase HE MXenes, even at temperatures as high as 2900 K. Across a wide 
compositional range, the outer (inner) layers are predominantly occupied by two of the four TM 
elements, with Cr most preferentially occupying the outer layers, followed by Mo, V, Nb, and Ti. 
The strong compositional dependence of the interlayer segregation highlights the HE MXenes’ 
tunability. Within each TM layer, the atoms largely form a solid solution, with a tendency for Nb-
V separation at lower temperatures. Our results elucidate the chemical order and disorder in HE 
MXenes, guiding experiments in designing MXenes with enhanced properties within the huge 
compositional space. 
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Introduction 

MXenes—a novel family of layered 2D transition metal (TM) carbides and nitrides—possess 

unique combinations of functional and mechanical properties that enable wide-ranging 

applications from electrocatalysis and energy storage1–5 to membrane filtration6 and to smart 

textiles.7 With a chemical formula of M!"#X!T$ (𝑛 = 1– 4), MXenes consist of 𝑛 + 1 layers of 

TM atoms, M, interleaved with 𝑛 layers of carbon or nitrogen atoms, X, with the outermost TM 

layers bonded to surface terminations, T, such as –O, –OH, and –F. Due to the large design space, 

MXenes have huge potential for compositional tuning: by alloying different pairs of TMs together, 

the resulting double-transition-metal (DTM) MXenes exhibit unique structures and arrangements 

of atoms.8–11 DTM MXenes can form random solid solutions (SS), e.g., in (Ti,V)2C and (Nb,V)2C, 

as well as ordered DTM MXenes, such as Mo2TiC2 and Cr2TiC2.10 In ordered DTM MXenes, one 

of the two TMs occupy the outer atomic layers (Mo and Cr) while the other TM (Ti) occupy the 

inner atomic layer. This segregation of TM pairs in 2D materials is unique to MXenes.12,13 

Extending the MXene design space to include high-entropy (HE) MXenes with four or more 

principal TM elements further enhances tunability. Consequently, the development of HE MXenes 

has been identified as one of the key challenges in MXene research.14 While numerous DTM 

MXenes have been characterized,3 only five HE MXenes have been synthesized so far—

TiVNbMoC3,15 TiVCrMoC3,15 (TiVZrNbTa)2C,16 (Ti-V-Zr-Nb-Ta)2CxN1-x,17 and 

Ti1.1V0.7CrxNb1.0Ta0.6C318,19—where little is known about their structure-property correlation. 

The extension from DTM MXenes to HE MXenes parallels the development of HE bulk 3D 

alloys (HEAs)20,21 over the past decade and a half, as well as the realization of bulk HE carbides 

in 2017–2018.22,23 The design strategy uses the increased configurational entropy in HEAs and HE 

carbides to stabilize the SS phase, avoiding the formation of brittle intermetallics that often plague 
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conventional alloys.21 Compositional tuning within the huge design space has so far produced HE 

materials with properties superior to those of their constituent mono-elemental counterparts. The 

vast compositional space has enabled radical design paradigms inspiring applications of these HE 

materials towards thermal protection systems, catalysis, water splitting, and structural 

reinforcements.24 

However, the vast compositional space is a double-edged sword: while allowing for superior 

tunability, it complicates understanding, and design principles are often elusive as HEA 

experiments are largely limited to a few compositions at a time. If the development of HEA were 

any indication, it would be challenging to understand the behavior of HE MXenes across the huge 

compositional design space. This challenge is further exacerbated by the fact that data for MXenes 

are much more limited than those for bulk metal alloys, for which thermodynamic databases (e.g., 

CALPHAD25,26) and phenomenological models (e.g., Miedema method25,27) are readily available 

to predict phase stability and microstructure. 

Here, we present a high-throughput first-principles study of two recently synthesized15 HE 

MXenes—(Ti-V-Nb-Mo)4C3 and (Ti-V-Cr-Mo)4C3—to elucidate the atomic configurations and 

the stability of the SS phase. Such structural information is difficult to assess precisely in 

experiments. Unlike bulk alloys, the lower dimensionality of 2D nanoscale structures such as 

MXenes promotes preferential occupancy of the TM atoms, where the interlayer and intralayer 

atomic arrangements could differ, while still forming in single-phase, crystalline, and solid 

solutions structures. As we will explain in this work, the competing effects of interlayer 

segregation (surface science effects) and intralayer chemical order produce structural complexities 

in HE MXenes that differ from typical bulk HE materials. 
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Using Monte Carlo simulations with effective interactions trained from first-principles 

calculations via the cluster expansion method,28 we predict the complex HE MXene structures 

across a wide range of compositions and temperatures. In general, the HE MXenes can be 

described as having the outer (inner) layers predominantly occupied by two of the four TMs 

without any visible long-range intralayer order, with a third minority species interspersed among 

the two dominant species. More precisely, between 900 K and 2900 K, interlayer atomic 

segregation of the TMs is the predominant behavior, and the segregation increases as the 

temperature decreases. Consistently across the compositional space, Cr most preferentially 

occupies the outer atomic layers, followed by Mo, V, Nb, and Ti. Equivalently, Ti most 

preferentially occupies the inner layers, followed by Nb, V, Mo, and Cr. Within each layer, the 

various TM species largely form a random SS, with a notable (intralayer) tendency for Nb and V 

in the inner layers to separate from each other. We demonstrate that, due to the effects of 

configurational entropy, this intralayer chemical order is weaker in HE MXenes than in the DTM 

counterparts. Our results elucidate the structural complexities in HE MXenes, guiding experiments 

in designing MXenes with enhanced properties. 

High-throughput methodology 

To tackle the vast compositional space, we employ cluster expansion28–30 to construct surrogate 

models of the MXene configurational energies. Based on a generalized Ising model, cluster 

expansion is a popular computational technique for studying metal alloys. Trained with a small set 

of first-principles energies from density functional theory (DFT), the surrogate models are 

parametrized by physically meaningful effective interactions, allowing rapid and accurate 

computations of the configurational energies for any alloy structure. This enables high-throughput 

Monte Carlo simulations to probe the atomic arrangements in HE MXenes across compositions 
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and temperatures. This approach correctly accounts for the effects of configurational entropy, 

which is an important advantage over previous MXene studies using only DFT calculations.10 In 

our calculations we excluded the surface terminations and only focused on the four layers of TMs 

with a layer of carbon between each layer in the M-C-M-C-M-C-M arrangement of M4C3 MXene. 

We also omitted the presence of vacancies generated during the etching of the parent MAX phase. 

This is because vacancies generated at the low etching temperature (328 K15) would have limited 

diffusion and thus would not significantly alter the atomic configurations in the MXenes. The 

Methods section details our methodology.  

Results 

Equicomposition 

We start by examining the two HE MXenes at equi-atomic composition. Figure 1 shows the TM 

occupancies of the four metal layers within the TiVNbMoC3 and TiVCrMoC3 across the wide 

temperature range of 464 K to 2900 K. Although the lower and higher ends of this temperature 

range might be experimentally inaccessible due to sluggish diffusion and phase instability, 

respectively, our results in these extreme temperature regimes provide theoretical insights into the 

chemical order/disorder tendencies of the transition metals in HE MXenes.  

Interlayer Segregation 

Between 928 K and 2900 K, the predominant behavior is atomic interlayer segregation, where 

two of the four TMs segregate to the surfaces, that is, the outer M layers, with increasing 

segregation as the temperature decreases. We quantify the degree of interlayer segregation of each 

species by the order parameter, 

𝛼%&'-)* =
𝑥+%&' − 𝑥+)*

𝑥+%&' + 𝑥+)*
, (1) 
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where 𝑥+
%&'()*) is the concentration of species 𝑀 in the outer (inner) layers. By definition, a more 

positive (negative) 𝛼%&'-)*	corresponds to a higher tendency for M atoms to occupy the outer 

(inner) layers. Specifically, 𝛼%&'-)* = +1	(−1) corresponds to perfect interlayer segregation, 

where all atoms of each M elements occupy the outer (inner) layers, while 	𝛼%&'-)* = 0 implies 

that the four M elements equally occupy the outer and inner layers (i.e., no interlayer segregation). 

For TiVNbMoC3, Figure 1a shows that Mo and V (𝛼%&'-)* > 0) prefer the outer M layers while 

Nb and Ti (𝛼%&'-)* < 0) prefer the inner M layers. As the 𝛼%&'-)* values indicate, Mo (Ti) has the 

strongest tendency to segregate to the outer (inner) layer because its 𝛼%&'-)* is closest to +1 (−1) 

among the four TMs. The segregation is significant even at temperatures as high as 2900 K and 

grows as the temperature decreases; hence, one would expect the segregation to persist at 

experiment synthesis temperatures (1873 K15). For TiVCrMoC3 (in which Cr replaced Nb), Figure 

1b shows a similar interlayer segregation. However, it is now Cr and Mo preferring the outer 

layers, while V and Ti prefer the inner layers; the presence of Cr forces V from the outer to the 

inner layers.  Compared to Mo, Cr even more strongly prefers the outer layers, because Cr has a 

more positive 𝛼%&'-)* than Mo. Altogether, our results suggest that the TM’s relative tendencies 

for occupying the outer layers are given by Cr > Mo > V > Nb > Ti.  

The preferential occupancy and segregation of the TMs in the four metal layers of M4C3 HE 

MXenes agree with the slight selective etching of certain TMs (V, Cr, and Mo) during the HE 

MXenes synthesis.15 While all four M elements had a similar stoichiometric ratio in the starting 

HE TiVNbMoC3 and TiVCrMoC3 MXene precursors, the Mo/V and Cr/Mo content of the as-

synthesized HE MXenes were less than those of Ti/Nb and Ti/V, respectively. It is known that 

during the harsh selective etching conditions of MXenes synthesis in hydrofluoric acid, some of 

the outer TMs can be removed, leaving behind atomic and cluster vacancies.31 We speculate that 
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some of the outer TMs can be partially removed during the etching of the HE MXenes, leading to 

the lower atomic content of those elements that occupy the outer layers. Further experimental 

investigations are needed to confirm the correlation of the outer layer occupancies and their lower-

than-stoichiometric content in the as-synthesized HE TiVNbMoC3 and TiVCrMoC3 MXenes.  

  

(a) (b) 

Figure 1. Structures of high-entropy (HE) MXenes (a) TiVNbMoC3 and (b) TiVCrMoC3 from 
first-principles-based Monte Carlo simulations. Top: Snapshots of the MXene atomic 
configurations at three representative temperatures, illustrating the complex interlayer and 
intralayer behaviors. (Carbon atoms are omitted for clarity.) For comparison, the experiment 
synthesis temperature,	𝑇.$/0, is 1873K.15 Bottom: The degree of interlayer segregation, 
𝛼%&'-)*,	for each element with respect to temperature. A value of +1 (−1) corresponds to a 
complete segregation of the elemental species to the outer (inner) layers. Notably, Mo and Cr 
have the strongest tendency to be on the outer layers in (a) and (b), respectively. 

Intralayer chemical order 

Knowing that two of the four TMs tend to segregate to the outer layers and the other two to the 

inner layers, we next explore how the TM species coexist within each M layer. From the structures 

illustrated in Figure 1, we observe that the TM species in each M layer remain disordered (random 

SS) over a wide temperature range, from 928 K to 2900 K. As an advantage over earlier 
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computational works,10 our Monte Carlo simulation results allow us to further characterize the 

atomic arrangements within each M layer of the HE M4C3 MXenes. We compute the chemical 

order within each M layer to quantify the level of intralayer pairwise clustering between the TM 

species using the Warren-Cowley short-range order (SRO) parameter.32 For a given pair of TM 

elements, by definition, a zero, positive, and negative SRO indicates a random arrangement, 

separation tendency, and clustering tendency, respectively (see Methods section for details). We 

investigated the chemical order for the following pairs of elements: Ti-V, Ti-Nb, V-Nb, V-Mo, 

and Nb-Mo in TiVNbMoC3 (Figure 2a) and Ti-V, Ti-Mo, V-Cr, V-Mo, and Cr-Mo in TiVCrMoC3 

(Figure 2b).  

Figure 2 shows that at 2900 K (~1000 K above typical synthesis temperatures15), the TMs within 

each layer of TiVNbMoC3 and TiVCrMoC3 are largely randomly dispersed as solid solutions. As 

temperature decreases, we observe appreciable intralayer chemical order in TiVNbMoC3 at 

moderate temperatures (~1000 K), where V and Nb tend to separate from each other in both the 

inner and outer M layers, while Mo and Nb tend to cluster together in the outer layers. Similarly, 

in TiVCrMoC3 at ~1000 K, V tends to separate from Ti in the inner layers and from Mo in the M 

outer layers, while V and Cr tend to cluster together in the outer layers. 

Below around 600 K, the intralayer atomic arrangements of both HE MXenes become more 

complex. Although annealing at such low temperatures may be infeasible in experiments, insights 

into the structures are nonetheless valuable for understanding the overall behavior of HE MXenes. 

For TiVNbMoC3, the degree of intralayer chemical order increases at such low temperatures, with 

V separating from Nb and Ti in the inner layers and from Nb and Mo in the outer layers. This 

separation of V atoms leads to the formation of V-rich clusters in each M layer, as illustrated by 

the low-temperature structure in Figure 1a (at 464 K). Furthermore, the V-rich clusters in both 
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inner and outer layers tend to align across the four layers. This interlayer alignment of V clusters 

in the M layers competes against the interlayer segregation of V, which explains the weakening of 

the interlayer segregation of V and Nb below ~700 K seen in Figure 1a. The interlayer alignment 

of V-rich phases is most evident in DTM MXene V2Nb2C3, as shown in the following section 

where we discuss HE MXenes similarities to DTM MXenes. Such interlayer alignments can, in 

principle, be characterized using an interlayer SRO, which could be relevant for future systematic 

studies of HE MXene structures at low temperatures (see Methods section for details). 

For TiVCrMoC3, Figure 2b shows that Ti separates from V and Mo in the inner M layers, while 

Mo separates from V and Cr in the outer layers below ~600K. However, as the low-temperature 

structure in Figure 1b illustrates, the lattice symmetry of TiVCrMoC3 is spontaneously broken at 

low temperatures: although the two outer (inner) M layers in M4C3 MXene are symmetrically 

equivalent, all four M layers are now compositionally distinct with the TM species segregated 

across the four M1-M2-M3-M4 layers as Cr-V-Ti-Mo. As Figure 3 quantifies, the asymmetric 

interlayer segregation of atoms emerges sharply in TiVCrMoC3 but is absent in TiVNbMoC3 (see 

Methods section for the definition of the order parameter,	𝛼1234). A similar asymmetry was 

previously predicted from first principles in DTM MXenes (Ti-Nb)3C233 and TiMoCO2.34 Similar 

to interlayer segregation, intralayer chemical order and asymmetric behavior will likely affect 

material properties and will be important considerations in MXene design. 
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(a) (b) 

Figure 2. Intralayer chemical order of high-entropy MXenes (a) TiVNbMoC3 and (b) 
TiVCrMoC3 within the inner and outer layers, illustrating the separation (SRO > 0) and 
clustering (SRO < 0) tendencies between elemental pairs. Chemical orders involving elements 
with low content (e.g., Ti in the outer layers) are not meaningful and have been omitted from 
the corresponding plots for clarity. The vertical dashed lines correspond to the representative 
temperatures in Figure 1. 

 

 

Figure 3. Asymmetric interlayer segregation of high-entropy MXenes (top) TiVNbMoC3 and 
(bottom) TiVCrMoC3 as temperature varies. For each elemental species, the order 
parameter,	𝛼1234, quantifies the difference in concentration between the two inner M layers and 
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between the two outer M layers, with 𝛼1234 = 1(0) corresponding to a complete asymmetry 
(symmetry). The vertical dashed lines correspond to the representative temperatures in Figure 
1. 

Non-equicomposition 

To elucidate compositional tuning of HE MXenes, we next study the MXene structures at non-

equiatomic compositions. Following the experiments in Ref. 15, we vary the content of each TM 

species in turn, while keeping the remaining three species at equicomposition. Figure 4 shows that, 

across the 50 compositions studied, the relative tendencies of the TMs to occupy the outer/inner 

layers remain consistent. For example, Ti has the most negative	𝛼%&'-)* regardless of the 

composition, which means Ti prefers the inner M layers. However, the degree of interlayer 

segregation is composition dependent, particularly for V and Nb in (Ti-V-Nb-Mo)4C3 and Mo and 

V in (Ti-V-Cr-Mo)4C3. For example, Figure 4a shows that increasing the Ti content beyond the 

equimolar in (Ti-V-Nb-Mo)4C3 expels Nb and V from the inner layers, due to Ti having a stronger 

preference for the inner layers than Nb and V. Consequently, 𝛼%&'-)* increases for both Nb and V, 

and hence, interlayer segregation becomes weaker for Nb but stronger for V. Due to similar 

reasons, increasing the Nb content beyond the equimolar in (Ti-V-Nb-Mo)4C3 expels V (but not 

Ti) from the inner layers, leading to an increased interlayer segregation for V. Notably, at very low 

Ti content, V slightly favors the inner layers. This is because the outer layers can no longer 

accommodate all of Mo and V; hence, some V atoms (which has a weaker surface segregation 

tendency) spill over to the inner layers. Similarly, Figure 4b shows that increasing the Cr content 

in (Ti-V-Cr-Mo)4C3 expels Mo from the outer layers to the inner layers, due to Cr’s stronger 

surface segregation tendency. The interlayer segregation for all other compositions in Figure 4 

follows similar principles. Together, these results reinforce the observation about the species’ 

preference for the outer layers: Cr > Mo > V > Nb > Ti. This holds true in the HE MXenes even 
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at non-equiatomic compositions. The strong variation of interlayer segregation highlights the 

tunability of HE MXenes.  

As a note, the segregation of Cr is the least tunable because, compared with the other TM species, 

Cr has a much stronger preference for the outer layers. This suggests that, in HE MXene design, 

one can select combinations of TM species with the appropriate relative occupation tendencies to 

control the variability of interlayer segregation. Additionally, we note that in the experimental 

synthesis of HE MXenes,15 any variations of TMs from equimolar led to the formation of impure 

phases, such as other types of MXene precursors (MAX phases) or binary carbides. 

  

(a) (b) 

Figure 4. Compositional dependence of interlayer segregation, 𝛼%&'-)*, in high-entropy MXenes 
(a) (TiVNbMo)4C3 and (b) (TiVCrMo)4C3 at 928 K. A value of +1 (−1) corresponds to 
complete segregation on the outer (inner) layers. The content of each elemental species 𝑀 is 
varied in turn, while the remaining three species are fixed at equicomposition. The MXene 
structures on the left and right of each plot correspond to the end points, with the stoichiometric 
ratio Ti:V:Nb:Mo and Ti:V:Cr:Mo stated underneath the structures. The vertical dashed lines 
correspond to the MXenes at equimolar compositions. 
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Tracking the intralayer chemical order across the 50 compositions reinforces our earlier 

observations about V-Nb separation tendency in (Ti-V-Nb-Mo)4C3. Since single-phase MXenes 

may not be synthesizable at compositions with substantial intralayer separation, understanding 

how V-Nb separation (at moderate temperatures) can be suppressed is important for MXene 

design. Figure 5a shows that the separation is more pronounced at higher V content and lower Ti 

content, which is likely because the separation requires substantial amounts of V and Nb in the 

inner layers. This observation suggests that avoiding such regions in the compositional space 

would suppress V-Nb separation and hence may improve synthesizability.  

In bulk HEAs, the increased configurational entropy due to the presence of more principal 

elements helps stabilize the SS phase.21 Here, we demonstrate a similar behavior for HE MXenes. 

As Figure 5b shows, the predominant intralayer V-Nb separation is weaker in the HE MXene 

compared to its counterparts with fewer principal elements. The suppression of intralayer chemical 

order stabilizes the SS within each MXene layer, which suggests that HE MXenes with more 

principal TM elements (beyond four Ms) are generally more synthesizable. As a note, we do not 

observe any asymmetric interlayer segregation (where all four layers are compositionally distinct) 

among the non-equiatomic compositions at 928 K. 

    

(a) (b) 

Figure 5. Variation of the predominant V-Nb chemical order in the inner layers of (Ti-V-Nb-
Mo)4C3 MXenes. A chemical order of +1 corresponds to a complete separation. (a) The 
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composition is varied as in Figure 4a at 928 K—the content of each elemental species 𝑀 is 
varied in turn, while the remaining three species are fixed at equicomposition. The intersection 
at 𝑥+ = 0.25 corresponds to equicomposition. (b) The number of principal elements is varied. 
The MXene with two, three, and four principal elements corresponds to V2Nb2C3, 
Ti0.1V1.3Nb1.3Mo1.3C3, and TiVNbMoC3, respectively. The vertical dashed lines correspond to 
the representative temperatures in Figure 1. We considered Ti0.1V1.3Nb1.3Mo1.3C3 as a ternary 
principal elements MXene because it contains a trace amount of Ti. This phase  is highlighted 
over the case without any Ti (i.e., V4/3Nb4/3Mo4/3C3) because it corresponds to the structure 
illustrated in Figure 4a (top left). 

 

Comparison with double-transition-metal (DTM) MXenes 

Since HE MXenes were synthesized only recently,15–19 there is a dearth of experimental data for 

direct comparison with our predicted atomic arrangements. Therefore, we look into the DTM 

MXenes to rationalize our findings. Existing experiments revealed that Mo2Ti2C3, Mo2TiC2, 

Mo2ScC2, and Cr2TiC2 MXenes exhibit interlayer segregation with Mo and Cr occupying the outer 

layers.8,10 First-principles computations also predicted interlayer segregation in Mo2V2C3, 

Mo2Nb2C3, Cr2Ti2C3, Cr2V2C3, Cr2Nb2C3, V2Nb2C3, V2Ti2C3, and Ti2Nb2C3,10,33 where the first 

TM labelled in the formulae occupies the outer M layers. These observations from DTM MXenes 

imply a relative outer layer preference with Cr, Mo > V > Ti > Nb, which is consistent with the 

relative interlayer segregation tendencies we observe in the HE MXenes, except for the Ti-Nb pair.  

To elucidate the structure of Ti2Nb2C3, we show in Figure 6a our Monte Carlo results for this 

DTM MXene. In contrast to Ref. 10, which predicts Ti (Nb) preferring the outer (inner) layers, our 

results reveal that this DTM MXene has negligible interlayer segregation even at temperatures as 

low as 464 K; instead, it exhibits intralayer separation. We attribute this discrepancy to the 

omission of entropic effects in Ref. 10; our Monte Carlo simulations correctly include the effects 

of configurational entropy and thoroughly sample the configurational space to determine the 

thermodynamic equilibrium structure. For similar reasons, our results for V2Nb2C3 in Figure 6b 
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reveal intralayer separation in addition to just the interlayer segregation predicted in Ref. 10. For 

the remaining DTM MXenes in Figure 6b, our results and Ref. 10 are consistent. 

Notably, the nine DTM MXenes in Figure 6b exhibit structures with various degrees of interlayer 

segregation, from the strongly segregated Mo2Ti2C3 to the non-segregated Nb2Ti2C3. (See Figure 

S1 for a full characterization of the DTM MXenes.) Comparing these with the interlayer 

segregation in HE MXenes reveals no evidence that the increased number of principal TM 

elements in HE MXenes helps suppress interlayer segregation. This starkly contrasts the case for 

intralayer chemical order: as demonstrated in the preceding section, intralayer chemical order is 

weaker in HE MXenes. The contrast arises because interlayer segregation, unlike intralayer 

chemical order, is largely a non-interacting effect, in which each M layer is occupied based on the 

single-site energies of each TM species; this is supported by Figure 8a illustrating that the single-

site energies in the surrogate models dominate the multi-site interactions. Consequently, the 

suppression of interlayer segregation due to configurational entropy does not apply to intralayer 

chemical order. 
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(a) (b) 

Figure 6. (a) The structure of Nb2Ti2C3 at 464 K, illustrating intralayer separation (SRO > 	0) 
without interlayer segregation (𝛼%&'-)* ≈ 0) at low temperatures. For comparison, the Nb-Ti 
SRO in the inner layers of TiVNbMoC3 is included in the same plot, where a value of 0 
corresponds to a random atomic arrangement. The vertical dashed lines correspond to the 
representative temperatures in Figure 1. (b) The structures of the nine constituent double-
transition-metal (DTM) MXenes of the high-entropy MXenes TiVNbMoC3 and TiVCrMoC3 at 
928 K. For ease of comparison, species with a stronger preference for the outer layers in the 
high-entropy MXenes are written first in the chemical formulae (i.e., Cr > Mo > V > Nb > Ti).  

 

Deducing the structures of HE MAX phases and surface-terminated MXenes 

Although our results are based on bare MXenes, we speculate that the atomic configurations 

elucidated here are also representative of surface-terminated MXenes obtained after etching the 

parent MAX phases in experiments. Because the low temperature (328 K15) at which the MAX 

phases are etched precludes any significant atomic rearrangements, the atomic configurations of 

TM elements in the MAX phase precursors would remain largely the same after etching. Therefore, 
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it suffices to computationally demonstrate that similar atomic configurations of the TM elements 

are observed in the bare MXenes and the parent MAX phases. 

We focus on the predominant behavior, i.e., interlayer segregation. Based on a small set of first-

principles data, we construct a minimal cluster expansion (CE) for each of the HE MXenes 

TiVNbMoC3 and TiVCrMoC3, as well as the parent MAX phases TiVNbMoAlC3 and 

TiVCrMoAlC3 (see Methods section for details). The single-site energies in the minimal CEs 

indicate the relative tendency of each TM species to occupy the outer layers. As Figure 7 shows, 

the tendencies are similar in both the MXene and the MAX phase: (a) Mo > V > Nb > Ti in 

TiVNbMoC3 and TiVNbMoAlC3, and (b) Cr > Mo > V > Ti in TiVCrMoC3 and TiVCrMoAlC3. 

These results indicate that Mo and V (Ti and Nb) tend to segregate to the outer (inner) layers of 

TiVNbMoC3 and TiVNbMoAlC3, while Cr and Mo (Ti and V) tend to segregate to the outer (inner) 

layers of TiVCrMoC3 and TiVCrMoAlC3. Therefore, the interlayer segregation we reported in the 

bare HE MXenes is largely independent of terminations—it also occurs in the MAX phases, as 

well as in terminated HE MXenes. 

Nevertheless, we note that the single-site energies shown in Figure 7a are consistently higher in 

TiVNbMoAlC3 than in TiVNbMoC3. This suggests that, compared with the bare TiVNbMoC3 

MXene, interlayer segregation will be more prominent in the parent MAX phase and hence in the 

derived terminated TiVNbMoC3. 
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(a) (b) 

Figure 7. The single-site energies in a minimal cluster expansion of high-entropy MXenes (a) 
TiVNbMoC3 and (b) TiVCrMoC3, compared with those for the corresponding MAX phases. 
These energies correspond to the tendency of the transition-metal species to occupy the outer 
layers. The energies are defined relative to Ti, so the single-site energies for Ti are zero by 
definition. 

 

Conclusion 

To conclude, using Monte Carlo simulations based on effective interactions derived from first-

principles data, we have elucidated the complex atomic arrangements in high-entropy (HE) 

MXenes TiVNbMoC3 and TiVCrMoC3. Consistently across the compositions studied, both HE 

MXenes exhibit significant preferential occupancy of the transition metals (TMs) in the four M 

layers in MXenes as interlayer segregation even at temperatures as high as 2900 K. In general, the 

outer (inner) layers are predominantly occupied by two of the four TM species interspersed with a 

third minority species. Specifically, Cr most strongly prefers the outer layers, followed by Mo, V, 

Nb, and Ti. The degree of interlayer segregation strongly depends on the composition, highlighting 

the tunability of HE MXenes.  

Furthermore, each M layer in M4C3 is largely a random solid solution at the synthesis 

temperature of MXenes precursors (> 1873 K). However, our calculations indicate that at lower 
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temperatures (below 928 K), a notable tendency for Nb and V atoms to separate from each other 

within the inner layers was observed. This Nb-V chemical order is most prominent at low Ti and 

high V contents, and compared with the double-transition-metal (DTM) MXenes, the intralayer 

chemical order is suppressed in HE MXenes due to the increased configurational entropy. The 

intralayer chemical order might not be easily achieved in synthesized MXenes because of the 

sluggish diffusion kinetics of TMs at low temperatures. With HE MXenes only recently 

synthesized,15 these insights into the MXene structures will accelerate the development of design 

principles for HE MXenes to help efficiently navigate the huge compositional space towards 

candidates with desired properties. 

Computational methods 

DFT calculations 

The energies of the CE training structures are calculated based on density functional theory 

(DFT) with the Vienna Ab initio Simulation Package (VASP).35,36 We use the Perdew, Burke, and 

Ernzerhof (PBE) exchange correlation based on the generalized gradient approximation 

(GGA).37,38 The projector augmented-wave (PAW) potentials are used with the outer 𝑝 semicore 

states included in the valence states.39,40 Planewave cutoffs are set to 500 eV. Our convergence 

criterion is based on keeping the Hellmann-Feynman force on each atom below 0.01 eV/Å. 

Calculations are spin polarized with ISPIN set to 2. The initial magnetic moment of each atom is 

set to 1, representative of the ferromagnetic state. The 𝑘-point mesh is generated using a Γ grid 

and density of 200 Å-3. To minimize spurious interactions between periodic images, a vacuum of 

at least 15 Å along the 𝑧-direction is ensured. 

Cluster expansion 
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Our cluster expansion (CE) formalism follows our previous works.29,30 Based on the generalized 

Ising model, CE expands the configurational energy 𝐸(𝜎) of an alloy structure, 𝜎, in terms of 

atomic clusters 𝛼, where the cluster correlation functions Φ5(𝜎) serve as the basis set and the 

effective cluster interactions (ECIs) 𝑉6 serve as the coefficients: 𝐸(𝜎) = ∑ Φ6(𝜎)𝑉65 . 

The CE for each of the two HE MXenes is trained with the formation energies of 795 MXene 

structures from DFT. The training structures are randomly selected from the pool of derivative 

structures with up to a (8 × 7)-atom unit cell.41,42 Containing between two to four TM species, the 

structures span a large compositional space.  

For an 𝑁-component system, since the concentrations of the 𝑁 species sum to one, only 𝑁 − 1 

of the 𝑁 concentrations are independent variables, while the remaining one is a dependent variable. 

Therefore, there are always 𝑁 − 1 independent species and one dependent species. In our CE, we 

treat V, Mo, Nb, and Cr as the independent species, while Ti is treated as dependent. As such, only 

clusters formed by V, Mo, Nb, and Cr atoms are required. In the MXene lattice, we consider one 

set of singlets, up to the 8th-nearest-neighbor (8NN) pairs, 10NN triplets, and 3NN quadruplets. 

These correspond to an initial pool of 328 symmetrically distinct clusters, consisting of 3 singlets, 

60 pairs, 175 triplets, and 90 quadruplets. Figure 8b illustrates five examples of these clusters. 

Each singlet is defined to be the single-site energy of an element on the inner layers relative to the 

outer layers, such that a positive (negative) singlet ECI indicates the element’s preference for the 

outer (inner) layers. 

Our fitting procedure follows our earlier work in Ref. 30. Using the DFT formation energies of 

the training structures, we use group lasso, a machine learning technique, to select a properly 

truncated CE set from the initial 328 distinct clusters. Fivefold cross-validation (CV) is used for 

selecting the optimal hyperparameter with the one-standard-error rule. Figure 8 shows that, in the 
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trained CEs for (Ti-V-Nb-Mo)4C3 and (Ti-V-Cr-Mo)4C3, 170 and 234 out of the initial 328 clusters 

are selected with a CV score of 5.8 meV and 5.0 meV, respectively. The fitted ECIs exhibit good 

convergence—the magnitude of the ECIs generally decreases with increasing cluster size. The 

singlet ECIs for the various elemental species satisfy the following: 0 < Nb < V < Mo ≪ Cr, which 

is consistent with the MXenes’ interlayer segregation tendency illustrated in Figure 1 and Figure 

4. Notably, the relatively large singlet ECI for Cr indicates that it is much more energetically 

favorable for Cr atoms to occupy the outer layers than the inner layers. 

   

(a) (b) 

 

(c) 
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Figure 8. Cluster expansions (CE) of high-entropy MXenes (Ti-V-Nb-Mo)4C3 and (Ti-V-Cr-
Mo)4C3, with cross validation scores of 5.8 meV and 5.0 meV, respectively. Each CE is trained 
with the first-principles formation energies of 795 MXene structures. (a) The fitted values of the 
328 ECIs in each of the CEs. Singlets, pairs, triplets, and quadruplets are colored blue, orange, 
green, and red, respectively. (b) Five examples of the clusters used: a singlet, an intralayer pair, 
an interlayer pair, a triplet, and a quadruplet. (c) A plot of the predicted CE energies against the 
DFT energies for the training structures. 

Minimal cluster expansion 

The minimal cluster expansions (CEs) used to discuss the effects of surface terminations follow 

the formalism detailed in the preceding subsection but consist only of one set of singlets, i.e., 

without any pairs, triplets, etc. Using the least squares method, each CE is fitted with the DFT 

formation energies of twelve equicompositional structures with the smallest unit cells (i.e., one 

atom per layer). These structures form a minimal set that captures the various types of interlayer 

segregation, e.g., with the four M1-M2-M3-M4 layers as Ti-Mo-V-Nb or Ti-Mo-Nb-V, etc. For 

some of these structures, the dashed grey lines in Figure 9 indicate significant energy differences 

between the MXenes and the MAX phases. Nevertheless, as Figure 9 shows, the CE fits for both 

phases appear reasonably good despite the minimal models. 

   

(a) (b) 
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Figure 9. Plots of the energies given by the minimal cluster expansion (CE) models against the 
DFT energies for the twelve training structures for (a) TiVNbMoC3 and TiVNbMoAlC3, and (b) 
TiVCrMoC3 and TiVCrMoAlC3. In each plot, the dashed grey lines connect each MXene 
structure with the same structure in the MAX phase, indicating the change in energy between 
the two phases. 

 

Monte Carlo (MC) simulations 

Our canonical MC simulations are based on the Metropolis algorithm as implemented in our 

Thermodynamic Toolkit (TTK).43,44 Each simulation contains 48 × 48 × 4 atoms within the 

periodic simulation box, using 1000 equilibrium steps and 10000 sampling steps. At each 

composition, the simulation begins in the solid solution phase at a high temperature of 2900 K and 

cools with a temperature step of	Δ𝑇 ≈ 116	K, for a total of 22 temperatures. 

Statistical errors are computed for Figure 1, Figure 2, and Figure 3 by repeating the MC 

simulations with 20 different random seeds. The error bars for these figures are too small to be 

visible, except for Figure 3 (bottom). 

Short-range order (SRO) parameters 

The intralayer chemical order is characterized using the Warren-Cowley short-range order 

(SRO) parameters to track the elemental distributions. In our work, we focus on the nearest-

neighbor (NN) SRO parameter. For elemental species	𝑖 ≠ 𝑗, the NN SRO parameter is given by 

𝛼78 = 1 − 𝑝78/𝑐7𝑐8, where 𝑐7, 𝑐8 are the concentrations of species 𝑖, 𝑗, and 𝑝78 is the probability of 

a NN atomic pair having species 𝑖, 𝑗 in the first and second sites, respectively. It follows that 𝛼 =

	0 indicates a fully random arrangement, 0 < 𝛼 ≤ 1 a separation tendency, and 𝛼 < 0 a tendency 

for the species to cluster. 

In principle, an analogous interlayer SRO can also be defined to characterize any interlayer 

chemical order by tracking atomic pairs that span different layers. E.g., the alignment of V-rich 
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clusters across different M layers in Figure 1a would correspond to a positive interlayer SRO for 

V-Mo, V-Nb, and V-Ti elemental pairs. However, such a characterization is beyond the scope of 

the present work. This is because tracking SRO in general incurs computational overheads during 

Monte Carlo simulations. Judging that the distance between TM layers is large and separated by 

carbon layer, we expect interlayer interactions in general to be weaker. Hence, we reserve the 

tracking of SRO only to short interatomic distances within the layer (intralayer). 

Asymmetry order parameters 

We characterize the asymmetry in HE MXenes, where the two inner (outer) layers become 

compositionally distinct, using the order parameter: 

𝛼1234 =
|δ𝑥+%&'| + S𝛿𝑥+)*S

𝑥+'%'
, (2) 

where δ𝑥+
%&'()*) is the difference in the concentration of species 𝑀 between the two outer (inner) 

layers, while 𝑥+'%' is the total concentration across all four layers. By definition, 𝛼1234 =

1(0)	corresponds to a complete asymmetry (symmetry).  
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