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A Systematic Study on the Metallophilicity of Ordered Five-

Atomic-Layer MXenes Using High-Throughput Automated 

Workflow and Machine Learning 

 

Abstract 

Dendrite growth is an important issue hindering practical applications of various kinds 

of metal (e.g. Li, Na, K, Mg, Ca, Fe, Zn, and Al) batteries. To tackle this problem, an 

effective method is to introduce metallophilic materials as hosts for metal anodes. Due 

to its high electrical conductivity, ease of assembly, and large compositional space, 

MXene is an excellent choice for anode host materials. However, how do MXenes’ 

compositions influence their metallophilicity to different kinds of metals, and how do 

we find MXenes with the strongest metallophilicity to different kinds of metals? To 

answer these questions, a density functional theory (DFT) based high-throughput 

automated workflow (HTAW) is designed and a machine learning (ML) study is 

performed focusing on the metallophilicity of ordered five-atomic-layer MXenes. For 

the first time, the metallophilicity of ordered five-atomic-layer MXenes from their 

entire compositional space to a total of eight kinds of metal anodes is studied. The 

metallophilicity of ~10% of the compositional space is investigated by the HTAW and 

serves as the dataset for ML study, and the remaining ~90% is predicted by the trained 

ML model. Based on the predictions, a ‘cooperation with neighbor’ mechanism 

governing MXenes’ metallophilicity is summarized, MXenes with the strongest 
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metallophilicity to the eight kinds of metals are discovered, and the already synthesized 

-O terminated Cr2TiC2 is found to be a member of them, which represents a readily 

available subject for further experimental verifications and practical applications. 
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1. Introduction 

Metal anodes possess higher specific capacities than graphite due to the drastically 

different energy storage mechanism of metal plating/stripping instead of intercalation. 

Among them, Li metal battery is the most studied one in the last decade due to its high 

theoretical specific capacity (3860 mAh g–1) and the lowest electrochemical potential 

(–3.04 V versus the standard hydrogen electrode) [1-3]. However, due to the scarcity of 

Li in the earth, Li metal batteries cannot be the only option for next-generation batteries. 

In addition to Li, other metals, such as Na [4], K [5], Mg [6,7], Ca [8], Fe [9], Zn [10], 

and Al [11] can also be used as metal anodes. For example, the electrochemical 

potentials of Na (-2.71 V), K (-2.93 V) and Ca (-2.84 V) are comparable to Li (-3.04 V) 

[12]. Moreover, due to the multivalent nature of the corresponding ions, the volumetric 

capacities of Mg (3834 mAh cm–3), Ca (2072 mAh cm–3), Fe (7558 mAh cm–3), Zn 

(5855 mAh cm–3), and Al (8046 mAh cm–3) are very high [12]. Most importantly, these 

metals are much more abundant in the earth relative to Li [12]. Therefore, all these 

metals can serve as promising anode candidates for future high-energy-density batteries 

and should be investigated seriously. 

 

However, there is a common problem for these metal anodes, which is the nonuniform 

and dendritic metal deposition during the repeated plating/stripping process [13-20]. 

These nonuniformly deposited dendrites can react with the electrolyte and may detach 

from the metal surface to form ‘dead metal’, causing serious capacity fading. In addition, 

if the growing dendrites penetrate the separator and contact with the cathode, an internal 
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short circuit can occur and may lead to severe safety hazards. To solve this problem, an 

effective method is to utilize metallophilic materials as hosts for metal anodes, which 

can efficiently decrease the nucleation overpotential, suppress the dendrite growth at 

the initial nucleation stage and guide the uniform and reversible metal deposition 

[21,22]. 

 

The family of 2D transition metal carbides and nitrides (MXene) has many unique and 

excellent properties, making it a promising candidate for metal anode host materials 

[23]. First, most MXenes possess high electrical conductivities, which enables fast 

electrochemical kinetics for batteries without the need for conductive additives [24]. 

Second, MXenes are easy to assemble, which can be processed into 3D porous scaffolds 

with high specific surface area, and can buffer the volume change of metal anodes 

during cycling [25]. Third, MXenes have a variety of terminations and a large 

compositional space, and the combination of some special composition and termination 

can result in strong metallophilicity, thereby decreasing the nucleation overpotential 

and guiding the uniform metal deposition. These merits endow MXenes with great 

potential for metal anode host materials, which calls for more systematic studies on 

relevant topics. In recent years, many works have shown that the binding strength 

between host materials and metal atoms can well reflect the metallophilicity of these 

host materials. A higher binding strength can effectively decrease the nucleation 

overpotential for metal deposition, which indicates a stronger metallophilicity [26-34]. 

Thus, it is an important topic to investigate the binding strength between MXenes and 
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metals. However, in experiments, since five-atomic-layer Ti3C2 is the first discovered 

MXene and is the most studied one, most works mainly focused on Ti3C2 and its 

derivatives [23]. In theoretical simulations, due to the large compositional space and 

diverse terminations of MXenes, the majority of works focused on a small range of 

specific compositions, terminations or metals, mostly for Li-ion batteries [35-39] (e.g. 

the number of combinations of metals and MXenes considered in these works are 3, 16, 

35, 45, and 360 for references [35], [36], [37], [38], and [39], respectively). As a result, 

new MXenes with ultra-strong metallophilicity are buried under the large 

compositional space, waiting to be discovered using novel approaches. 

 

To explore this meaningful direction, in this work, our aim is to systematically 

investigate MXenes’ metallophilicity by high-throughput automated workflow (HTAW) 

[40,41] and machine learning (ML) [42-45] schemes (Fig. 1) [46]. Herein, we focus on 

the ordered five-atomic-layer MXenes (in the following, all MXenes refer to ordered 

five-atomic-layer MXenes, unless otherwise specified) with the formula of 

M’2M’’X2T2, and study their interactions with eight kinds of metals including Li, Na, 

K, Mg, Ca, Fe, Zn, and Al. For the first time, a total of 21256 combinations of metals 

and MXene hosts (denoted as metal-MXene pairs) are investigated (Fig. 1a). To tackle 

the cumbersome simulation works, first, an HTAW program is designed for the 

calculation of binding strength (Eb) using density functional theory (DFT) which can 

minimize the human intervention (Fig. 1b), and ~10% of Eb are calculated by the HTAW 

and serve as the dataset for ML study. Second, an ML model is constructed using 
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automated machine learning (AutoML) scheme based on our carefully designed 

features, and the remaining ~90% of Eb are predicted by the trained ML model (Fig. 

1c). Finally, metal-MXene pairs with top predicted Eb are verified by the HTAW to 

obtain the accurate DFT calculated Eb, and are further investigated by calculating the 

stabilities and electronic properties of their MXene slabs, yielding stable and metallic 

MXenes with the strongest metallophilicity that we want. Through these efforts, an 

HTAW is built to perform large-scale simulations for constructing datasets, while 

reasonable features are designed to overcome the structural complexity of MXenes and 

enable ML. AutoML is then adopted to train ML models, and through analyzing ML 

predictions, a ‘cooperation with neighbor’ mechanism governing MXenes’ 

metallophilicity is summarized, which has a good agreement with the ML predictions 

and may further guide the exploration of other 2D materials with strong metallophilicity. 

MXenes with the strongest metallophilicity to each kind of metal are also discovered, 

and it is exciting to find that the already synthesized -O terminated Cr2TiC2 is a member 

of them, which represents a good subject for further experimental verifications and 

practical applications. 
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Fig. 1. Schematic illustrations about the ideas and methods in this work. (a) The large 

compositional space of this work. (b) HTAW for Eb calculations. (c) AutoML technique. The large 

compositional space is split into two parts. The small part (~10%) is investigated using the HTAW 

which is automated and accurate, and an ML model is constructed based on this small part using 

the AutoML technique. The big part is then predicted using the trained ML model which is fast 

and efficient. Finally, the whole compositional space is well understood using fewer resources 

without compromising the accuracy. 

 

2. Results and Discussions 

2.1. Investigated systems and HTAW for Eb calculations 

In this work we mainly focus on ordered five-atomic-layer MXenes, with the formula 

of M’2M’’X2T2 (M’ and M’’ stand for outer and inner layer early transition metals, 

respectively. M’ and M’’ = Sc, Y, Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, or W. X = C or N. T 

stands for a variety of terminations. T = -O, -S, -Se, -Te, -F, -Cl, -Br, -I, -OH, -NH or 

no termination denoted as □) [47,48]. It should be pointed out that, to the best of our 

knowledge, termination-free MXenes have not been implemented as metal anode host 

materials yet. But to ensure the integrity of the theoretical study, the metallophilicity of 
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termination-free MXenes will also be investigated as a reference. For convenience, 

three high-symmetry sites on the surface of MXenes are defined as follows. Sites A, B, 

and C point directly toward inner transition metal atoms M’’, X atoms, and outer 

transition metal atoms M’ on both sides of MXenes, respectively (Fig. 2a). Previous 

works have shown that terminations can occupy different sites on the surface of 

MXenes. Therefore, in this work, four possible termination configurations are 

considered (Fig. 2b) [49,50]. For configurations I, II, and IV, terminations occupy sites 

A, B, and C respectively. Configuration III is a mixture of configurations I and II, where 

terminations occupy sites A on one side and occupy sites B on the other. Among the 

four configurations, the one with the lowest total energy is the thermodynamically 

stable configuration and should be used for modelling adsorption systems (defined as a 

metal atom adsorbed on the surface of a MXene slab) and calculating Eb. When 

modelling adsorption systems, all the three high-symmetry adsorption sites are 

considered (Fig. 2c). Among the three sites, the one with the highest Eb is the most 

stable adsorption site, and this highest Eb is used as the final Eb reflecting the 

metallophilicity. The adsorption density (density of the adsorbed metal atoms) is also 

considered. In the works using MXene-based materials as metal anode hosts, Eb is 

usually calculated using a system with one metal atom adsorbed on a 3 × 3 × 1 or 4 × 4 

× 1 supercell MXene (1/9 or 1/16 metal atom per primitive-cell MXene, respectively) 

[51-55]. Using such approach, the calculated Eb have good correspondence with the 

nucleation overpotential (the stronger the adsorption, the lower the nucleation 

overpotential), which is then adopted as a good estimation of the metallophilicity [51-
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55]. Thus, in this work, we mainly analyze Eb calculated using the system with one 

metal atom adsorbed on a 3 × 3 × 1 supercell MXene, unless otherwise specified. 

Besides, we also supplement Eb when a layer of metal atoms is adsorbed on the surface 

of MXene calculated using a system with one metal atom adsorbed on a 1 × 1 × 1 

primitive-cell MXene (1 metal atom per primitive-cell MXene) to make our work more 

comprehensive, since Eb with lower adsorption density mainly describes the initial 

stage of the metal deposition, while Eb with higher adsorption density describes the 

situation after a period of deposition time. 

 

 

Fig. 2. Four termination configurations and three adsorption sites. (a) Three high-symmetry sites 

on the surface of MXenes. (b) Termination configurations I, II, III, and IV. (c) Adsorption sites A, 

B, and C. 

 

To accurately obtain Eb of a metal-MXene pair, dozens of DFT calculations are involved, 

and to get a large enough machine learning dataset, thousands of metal-MXene pairs 

should be studied, which results in tens of thousands of total DFT calculations. To 
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perform these large numbers of DFT calculations, a practical approach is to automate 

the calculation workflow, namely, designing an HTAW [40,41]. As shown in Fig. 3, our 

well-designed HTAW can automatically obtain Eb of any specified metal-MXene pair, 

which mainly consists of the following four steps: 

(1) Modelling MXene structures with different termination configurations. 

(2) Calculating their total energies and determining the most stable termination 

configuration (the top half of Fig. 3). 

(3) Modelling adsorption systems with different adsorption sites using the most stable 

termination configuration obtained in step 2. 

(4) Calculating Eb of these adsorption systems (the bottom half of Fig. 3). 

Besides, our HTAW is also capable of detecting and correcting common errors during 

DFT calculations and resuming from unknown interruptions, which minimizes human 

intervention, leaving time for solving problems rather than submitting DFT jobs [40,41] 

(see section 4.1 for a detailed description of the HTAW). 

 



11 
 

 



12 
 

Fig. 3. HTAW for Eb calculations. If T = □ (termination-free), a total of 16 DFT calculations (3 for 

the only primitive-cell MXene, 9 for the three adsorption systems, 3 for the clean MXene slab, and 

1 for the single metal atom) are performed for a metal-MXene pair. If T = -O, -S, -Se, -Te, -F, -Cl, 

-Br, -I, -OH, or -NH, a total of 25 DFT calculations (12 for the four primitive-cell MXenes with 

different termination configurations, 9 for the three adsorption systems, 3 for the clean MXene 

slab, and 1 for the single metal atom) are performed for a metal-MXene pair. 

 

We randomly select 1284 metal-carbide-MXene pairs and 1367 metal-nitride-MXene 

pairs from the compositional space and calculate Eb using the HTAW. These randomly 

selected metal-MXene pairs involve 866 carbide MXenes and 866 nitride MXenes in 

total. Among these 866 carbide MXenes, except for 69 termination-free MXenes, the 

number of MXenes with stable termination configurations I, II, III, and IV are 621 

(77.92%), 155 (19.45%), 6 (0.75%), and 15 (1.88%), respectively (Fig. 4a), which 

indicates that configuration I is the most popular termination configuration followed by 

configuration II, while configurations III and IV are relatively unstable. For nitride 

MXenes, the situation is generally the same, whereas the proportion of configuration II 

(29.43%) is higher than that of carbide MXenes (19.45%) (Fig. 4c). 

 

For stable adsorption sites, as shown in Fig. 4b and Fig. 4d, metal anode atoms tend to 

avoid adsorbing on the top of the outermost atom layer of MXenes. For example, for 

termination-free (□) MXenes, since site C points directly to outer transition metal atoms, 

the proportion of metal anode atoms stably adsorbing on site C is the lowest for both 

carbide and nitride MXenes. For MXenes with terminations, the situation is the same, 

and metal anode atoms tend to avoid adsorbing on the top of terminations. 

 

When it comes to binding strength, we find that even in this ~10% of compositional 
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space, metal-MXene pairs with high Eb have already been discovered. For example, the 

highest Eb of carbide MXenes to Li, Na, K, Mg, Ca, Fe, Zn, and Al are 6.10 eV, 5.51 

eV, 5.86 eV, 5.82 eV, 8.05 eV, 6.68 eV, 3.65 eV, and 6.90 eV, respectively. This confirms 

that MXenes indeed have the potential to provide strong metallophilicity to many kinds 

of metal anodes. 

 

 

Fig. 4. Termination configuration distributions of MXenes and adsorption site distributions of 

metal-MXene pairs studied by the HTAW. Termination configuration distributions of (a) carbide 

MXenes and (c) nitride MXenes. Adsorption site distributions for different termination 

configurations of (b) metal-carbide-MXene pairs and (d) metal-nitride-MXene pairs. 

 

However, in some adsorption systems, we find severe distortion after structure 

optimization, indicating their instability (Supplementary Fig. S1). We exclude these 

adsorption systems in the following study since they will induce wrong Eb. A series of 

judgements (see Supplementary material for more details) are set to exclude these 
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distorted adsorption systems, which yields a total of 6492 adsorption systems (3348 for 

carbide MXenes and 3144 for nitride MXenes) without serious distortions. 

 

2.2. Feature engineering and ML 

Using atomic properties (e.g. electronegativity, electron affinity, ionization energy, and 

different kinds of radii) of each element in the material’s formula as features is a 

common approach for feature engineering [56]. However, in this work, the situation is 

more complicated, since there are multiple termination configurations and adsorption 

sites, and the atom number of terminations are also different. To distinguish these 

structural differences in features, here we utilize the combination of atomic properties 

according to the structures of the adsorption systems, which solves the problems and 

possesses more physical meanings. 

 

It can be reasonably predicted that, Eb is mainly constituted by the interactions between 

the adsorbed metal atom and MXene atoms close to it (i.e. within a cutoff radius of the 

adsorbed metal atom). MXene atoms can be grouped by layers (Fig. 5a). Here, for 

convenience, we divide terminations into first (□), second (-O, -S, -Se, -Te, -F, -Cl, -Br, 

and -I), and third (-OH and -NH) groups according to the number of atoms in the 

terminations. In a five-atomic-layer MXene with first, second, or third group 

terminations, the atoms can be divided into five, seven, or nine layers, respectively. In 

other words, the atoms can also be divided into nine layers with four, two, or zero empty 

layers, respectively (Fig. 5a). In a layer, atoms can be further grouped according to their 
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distances from the adsorbed metal atom denoted as dmetal-MXene (dm-M) (Fig. 5b-c). Since 

three high-symmetry adsorption sites result in two kinds of relative positions between 

the adsorbed metal atom and a MXene layer (the adsorbed metal atom is on the top of 

an atom of the MXene layer, or the adsorbed metal atom is at the hollow of three atoms 

of the MXene layer), there are two grouping methods for atoms in a MXene layer as 

shown in Fig. 5b-c. In this manner, the interactions between the adsorbed metal atom 

and MXene atoms from the same layer in the same group can be described by a subset 

of features. These features have a uniform formula |xm±xM|/dm-M, where xm and xM are 

the same kind of atomic properties of the adsorbed metal atom and the MXene atom, 

respectively. In the formula, we use minus sign when atomic properties represent an 

ability of an element (e.g. electronegativity), which can better reflect the relative ability 

of one atom to the other. On the contrary, we use plus sign when atomic properties 

represent atomic radius, since the sum of radii can describe some space effects. We 

further divide |xm±xM| by dm-M since MXene atoms closer to the adsorbed metal atom 

contribute more to the interactions (Fig. 5d). Besides, more subsets of features are used 

for MXene layers closer to the adsorbed metal atom (i.e. interactions between the 

adsorbed metal atom and more groups of atoms in that layer are considered). And for 

MXenes with first or second group terminations, features corresponding to empty layers 

are padded with zero (no atom means no interaction) to keep the total number of 

features constant. 
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Fig. 5. Schematic illustrations of feature engineering and ML result. (a) Layers in a MXene slab 

(front view). (b-c) Two kinds of atom grouping methods in a MXene layer (top view). (d) Atom 

groups within a cutoff radius of the adsorbed metal atom (front view). (e) Comparison between ML 

predicted Eb and DFT calculated Eb of the testing set. The RMSE is 0.34 eV. 

 

Using our feature engineering method, 216 features are generated for each adsorption 

system (see Supplementary Table S1 for more details) which constitute the dataset. We 

divide the dataset into training set and testing set according to the ratio of 3:1 randomly, 

and search for the suitable ML model by the AutoML technique (see section 4.2 for a 

detailed description of AutoML) using a 5-fold cross-validation. The root mean squared 

error (RMSE) of our optimized model (see Supplementary Table S2 for more details) 

on the testing set is 0.34 eV (Fig. 5e), which is small enough since the highest Eb in the 

dataset reaches 8.25 eV. The RMSE for Li, Na, K, Mg, Ca, Fe, Zn, and Al separately 

are 0.30 eV, 0.29 eV, 0.30 eV, 0.32 eV, 0.38 eV, 0.46 eV, 0.27 eV, and 0.40 eV, 

respectively, all around 0.34 eV, indicating the predictive capability of our model for 
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different metals (Fig. S2). Based on the trained ML model, the remaining ~90% of Eb 

are predicted (see Supplementary workbook for all DFT calculated Eb and ML predicted 

Eb), and the results will be analyzed in the next section. 

 

2.3. Promising factors contributing to MXenes’ metallophilicity 

In this work, five compositional influencing factors for MXenes’ metallophilicity are 

considered, including the composition of MXene (M’, M’’, X, and T) and the type of 

metal atom adsorbed. Since more carbide MXenes have been synthesized 

experimentally comparing with nitride MXenes [57], here we mainly focus on the 

analysis of carbides. For carbides, violin plots for relationships between predicted Eb 

and the remaining four factors are plotted, respectively (Fig. 6). Looking at Fig. 6 as a 

whole, it is interesting to find that, MXene atoms closer to the adsorbed metal atom 

have a stronger impact on MXenes’ metallophilicity (i.e. the order of compositional 

factors’ impact on MXenes’ metallophilicity is M’’ < M’ < T and the adsorbed metal). 

To analyze each factor, three indicators in the violin plots should be paid attention to, 

including the median of a violin, the maximum of a violin, and the width of a violin’s 

top tip. First, since half of Eb are distributed above the median, the median can be used 

to approximately estimate the general contribution of a specific composition to MXenes’ 

metallophilicity. Second, since stronger metallophilicity is more beneficial to the 

uniform deposition of metals, higher Eb is more desirable, and the maximum of a violin 

is a direct estimate of this. Besides, if more Eb are distributed around the maximum (the 

violin has a wider top tip), the specific composition can contribute even more to the 



18 
 

strong metallophilicity. Taking these three indicators into consideration, we will analyze 

each compositional factor in the order of M’’, M’, T, and the adsorbed metal. 

 

 

Fig. 6. Violin plots for the relationships between ML predicted Eb (carbide MXenes) and the four 

compositional factors, respectively. (a) Violin plot for Eb-M’’ relationship. (b) Violin plot for Eb-

M’ relationship. (c) Violin plot for Eb-T relationship. (d) Violin plot for Eb-metal relationship. 

 

In the Eb–M’’ plot (Fig. 6a), it is interesting to find that violins for all M’’ are highly 
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similar in shape, median, and maximum. Such phenomenon clearly indicates that the 

type of inner transition metal has a relatively small effect on the metallophilicity of 

MXenes. This conclusion also agrees well with the viewpoint in a previous work [58]. 

 

In the Eb–M’ plot (Fig. 6b), all violins show a gourd-like shape. Among them, the 

medians for V (2.60 eV), Y (2.38 eV), Sc (2.36 eV), and Cr (2.35 eV) are greater than 

2 eV, and the distribution densities around the medians are higher, which indicates that 

MXenes with V, Y, Sc, or Cr as their outer transition metals have a generally stronger 

metallophilicity. The maxima for Cr (8.11 eV), V (7.94 eV), Mo (7.32 eV), and Y (7.06 

eV) are greater than 7 eV, which indicates that these M’ have the potential to offer ultra-

strong metallophilicity in combination with other promising factors. It is worth noting 

that, for Sc and Y, the top tips of violins (between 6 and 7 eV) are wider, which indicates 

that more Eb are distributed in this range. 

 

The violins in the Eb–T plot vary a lot (Fig. 6c). For termination-free (□) MXenes, the 

minimum Eb is greater than that of all others, and most Eb are distributed between 2 and 

3 eV (the median is 2.44 eV), indicating a generally moderate metallophilicity. For -F, 

-Cl, -Br, and -I, all the medians are around 1.5 eV, whereas -F terminated MXenes have 

a much higher maximum Eb (6.99 eV) than -Cl (4.74 eV), -Br (4.75 eV), and -I (3.12 

eV). Terminations -O, -S, and -Se should be paid special attention to. First, for -O, -S, 

and -Se, Eb less than 2 eV account for a little proportion. Second, for -O and -S, most 

Eb are distributed between 3 and 5 eV (the medians are both 3.70 eV), while for -Se, 
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most Eb are distributed between 2 and 4 eV (the median is 3.01 eV), indicating a 

generally strong metallophilicity. Third, maximum Eb for -O, -S, and -Se are all ~7.5 

eV (8.11 eV, 7.06 eV, and 6.93 eV, respectively). Among them, for -O and -S, the violins 

are wider at the top tip (between 6 and 7 eV), which indicates a high opportunity to find 

MXenes with ultra-strong metallophilicity in combination with other promising factors. 

However, for MXenes terminated with -Te, the metallophilicity is greatly reduced (the 

median is 2.00 eV, and the maximum is 4.43 eV). The similar decreasing trend can also 

be found in the fluorine group terminations. It is worth noting that, for -OH terminated 

MXenes, though the maximum is high (6.08 eV), the top tip of the violin is narrow and 

long. Since the median for -OH is 1.40 eV, the metallophilicity of -OH terminated 

MXenes is generally low. It can be inferred that, the gourd-like shape of violins in Fig. 

6b originates from the metallophilicity polarization caused by terminations (-O, -S, and 

-Se terminated MXenes possess stronger metallophilicity, while others are relatively 

weaker). 

 

Finally, as shown in Fig. 6d, MXenes’ metallophilicity to each kind of metal also shows 

great differences. For alkali metals Li, Na, and K, the shapes, medians, and maxima of 

violins are similar (medians are ~2.4 eV, and maxima are ~5.9 eV). For Mg, the shape 

and the median of the violin are similar to that of Zn (medians are 1.10 eV and 0.56 eV, 

respectively). However, the maximum for Mg is much higher than that of Zn (maxima 

are 6.11 eV and 3.61 eV, respectively), which indicates that the Mg-philicity and the 

Zn-philicity of MXenes are generally low, but it is possible to find MXenes with strong 
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Mg-philicity. For Ca, Fe, and Al, shapes and medians of violins are similar (medians 

are 2.56 eV, 2.45 eV, and 2.56 eV, respectively). However, the maximum for Ca is the 

highest among all metals (8.11 eV). 

 

Through the above discoveries, we found that the contribution of a compositional factor 

to MXenes’ metallophilicity is mainly governed by two rules. The first rule is that 

MXene atoms closer to the adsorbed metal atom have a stronger impact on MXenes’ 

metallophilicity, which is already mentioned above. And the second rule is that the 

ability of electron sending/receiving can make decisive influence on MXenes’ 

metallophilicity. For T, stronger ability of electron receiving contributes more to 

MXenes’ metallophilicity, which is mainly manifested in fewer outermost electrons and 

higher electronegativity, since fewer outermost electrons mean the outermost shell can 

accommodate more electrons both from the bare MXene and the adsorbed metal atom, 

while a higher electronegativity means a stronger attraction to electrons from the 

adsorbed metal atom. For example, we found that oxygen group terminations contribute 

more to MXenes’ metallophilicity than fluorine group terminations (Fig. 6c), which is 

due to the ability of accommodating one more electron of oxygen group terminations. 

Besides, we also noticed a decreasing trend of contributions of terminations from the 

same group when the period increases (Fig. 6c), which is due to the decrease of the 

electronegativity when the period increases. For -NH, we found it behaves like oxygen 

group terminations, since N can accommodate three electrons and H has already 

provided one. However, since the electronegativity of N (3.04) is lower than that of O 
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(3.44), the median for -NH (1.86 eV) is closer to that of -Te (2.00 eV). For -OH, the 

situation is similar, and the median for -OH (1.40 eV) is closer to that of -I (1.30 eV). 

Using Cr2TiC2T2 (T = -O, -S, -Se, -Te, -F, -Cl, -Br, -I, -OH, and -NH) as MXene slab, 

Bader charge analysis is performed before and after the Li adsorption (Supplementary 

Table S3). It is found that, before the Li adsorption, the outermost electron number of -

F, -Cl, -Br, and the O atom in -OH are all greater than 7, indicating an almost fully filled 

outermost shell. However, before the Li adsorption, the outermost electron number of -

O, -S, -Se, -Te and the N atom in -NH are greater than 6 but less than 7, which indicates 

more spare room for electrons and results in more electron transfer from the Li atom to 

its nearest oxygen group terminations. 

 

On the contrary, for the adsorbed metal atom, stronger ability of electron sending 

contributes more to MXenes’ metallophilicity to it, which is mainly manifested in more 

outermost electrons and lower electronegativity, since under such circumstances, more 

electrons can be easily transferred from the adsorbed metal atom to the MXene slab, 

yielding stronger chemical bonds. For example, the electronegativities of Li (0.98), Na 

(0.93), and K (0.82) are very low. Thus, even though they only have one outermost 

electron, MXenes’ metallophilicity to them is not weak (Fig. 6d). For Mg, Ca, and Zn, 

they all possess two outermost electrons. However, the electronegativities of them are 

1.31, 1.00, and 1.65, respectively, which results in the strongest MXenes’ 

metallophilicity to Ca, followed by Mg and finally Zn (Fig. 6d). The electronegativities 

of Fe and Al are 1.83 and 1.61, which are relatively high. However, there are three 
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outermost electrons in an Al atom, and when losing three electrons, the outermost shell 

of Fe becomes more stable (3d5). This is why MXenes’ metallophilicity to Fe and Al is 

strong even though their electronegativities are relatively high (Fig. 6d). Using 

Cr2TiC2O2 as MXene slab, Bader charge analysis is performed after the adsorption of a 

Li, Na, K, Mg, Ca, Fe, Zn, and Al atom, respectively (Supplementary Table S4). It is 

found that, the only outermost electron of Li, Na, or K is almost completely transferred 

to Cr2TiC2O2 due to the low electronegativity of Li, Na, and K. For Ca, Mg, and Zn 

with two outermost electrons, since Zn possesses the highest electronegativity, its 

electron transfer to Cr2TiC2O2 is the lowest. For Al, since it has three outermost 

electrons and a moderate electronegativity, its electron transfer to Cr2TiC2O2 is the 

highest and reaches 2.33 among all adsorbed metals. 

 

These two rules can be summarized as a ‘cooperation with neighbor’ mechanism. If we 

regard the adsorbed metal atom and its neighboring MXene atoms as electron sender 

and receiver, respectively, then the sender should possess spare electrons and the ability 

to send them away (low electronegativity), while the receiver should possess spare 

room for electrons and the ability to attract them (high electronegativity), which is the 

cooperation mechanism. 

 

For nitride MXenes, violin plots for relationships between predicted Eb and the four 

compositional factors are also plotted (Supplementary Fig. S3), whose results are 

similar to that of carbide MXenes. As mentioned in section 2.1, here we also 
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supplement the analysis for Eb when a layer of metal atoms is adsorbed (1 metal atom 

per primitive-cell MXene). We randomly select 1200 metal-carbide-MXene pairs and 

1200 metal-nitride-MXene pairs and investigated Eb using the HTAW. A machine 

learning model is then constructed using AutoML, whose RMSE on the testing set is 

0.16 eV (Fig. S4), which is small enough since the highest Eb in the dataset reaches 

6.35 eV. ML predictions on the entire compositional space are then performed, and 

violin plots for the relationship between predicted Eb and the four compositional factors 

are plotted as shown in Fig. S5 and Fig. S6. The results show that when a layer of metal 

atoms is adsorbed, Eb are generally lower compared with Eb predicted using lower 

adsorption density (1/9 metal atom per primitive-cell MXene), which is due to the 

repulsion between adjacent metal atoms. But except for some K adsorbed cases, the 

vast majority of Eb still remain positive, which indicates that adsorbing a layer of metal 

atoms is still thermodynamically spontaneous. Besides, the relationship between each 

compositional factor and Eb distributions remains similar, which further supports our 

‘cooperation with neighbor’ mechanism. A counterexample is the Eb distributions for 

Li, Na, and K. Since the electronegativities for Li, Na, and K are 0.98, 0.93, and 0.82, 

respectively, according to the ‘cooperation with neighbor’ mechanism, the 

metallophilicity of MXenes to these three metals should be K > Na > Li. However, 

when a layer of metal atoms is adsorbed, the situation is just the opposite. We believe 

that this is due to the increasing lattice mismatch from Li to Na and to K with MXenes. 

From Li to Na and to K, the Eb decrease due to increasing lattice mismatch is much 

more dominant than the Eb increase due to decreasing electronegativity. Therefore, in 
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the later stage of metal deposition, the degree of lattice matching is also an important 

factor to determine whether metal atoms can be deposited uniformly. The higher the 

degree of lattice matching, the higher the adsorption energy, and the more uniform 

deposition of metal atoms. In Fig. S5d and Fig. S6d, it is interesting to find that negative 

Eb only appears when K atoms are adsorbed, and from Fig. S5c and Fig. S6c, it can be 

seen that the corresponding terminations are mainly -OH and -NH. Thus, it can be 

concluded that these negative Eb appears due to the severe lattice mismatch between K 

and MXene, as well as the weak metallophilicity that -OH and -NH can provide. 

 

It can be inferred that, if all promising factors discussed above are combined together 

(to achieve the best cooperation between electron sender and receiver), the ultra-high 

metallophilicity can be realized. In the next section, we will confirm this assumption 

and find MXenes with the strongest metallophilicity to each kind of metal, which also 

possess good stabilities and metallic electronic properties. 

 

2.4. MXenes with strongest metallophilicity 

Since Eb of all metal-MXene pairs have been predicted, it is meaningful to find MXenes 

with the strongest metallophilicity to each kind of metal. For each kind of metal, metal-

carbide-MXene pairs with the top-50 predicted Eb are verified by the HTAW to obtain 

the accurate DFT calculated Eb, and are further investigated by calculating the phonon 

spectra and electronic bands for their MXene slabs. Stable (no imaginary frequency in 

the phonon spectrum) and metallic (no band gap in the electronic band) (Supplementary 
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Fig. S7) MXenes with top-5 DFT calculated Eb for each kind of metal are demonstrated 

in Fig. 7, which represent MXenes with the strongest metallophilicity to each kind of 

metal (top-5 nitride MXenes for each kind of metal are listed in Supplementary Table 

S5, while the corresponding phonon spectra and electronic bands are demonstrated in 

Supplementary Fig. S8). 

 

It is found in section 2.3 that when M’ = V, Y, Sc, or Cr, the distributions of Eb possess 

higher medians, which indicates generally stronger metallophilicity. In Fig. 7, except 

for Mo2ScC2O2, the outer transition metals of all other MXenes are V, Y, Sc, or Cr, 

which proves this conclusion. For M’’, except for Y and W, all other early transition 

metals appear in Fig. 7, which proves that in the highest Eb range, the influence of M’’ 

on Eb is also small. When it comes to T, except for V2CrC2(NH)2, -O and -S account for 

all T in Fig. 7, which indicates that -O and -S are the main sources for the strong 

metallophilicity, being consistent with the conclusions of section 2.3. Moreover, it is 

interesting to find that if a MXene material exhibits strong metallophilicity to one kind 

of metal, it is highly possible that it also possesses strong metallophilicity to other kinds 

of metals. This finding is meaningful since if a MXene is verified as a good host 

material for one kind of metal anode, it can also be the promising candidate for many 

other metal anodes. For example, in Fig. 7, Y2HfC2S2, Cr2VC2O2, Cr2MoC2O2, 

Sc2ZrC2S2, and Cr2TiC2O2, appear 6, 6, 5, 4, and 4 times, respectively. 
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Fig. 7. Stable and metallic carbide MXenes with the strongest metallophilicity to each kind of metal. 

(a-h) Stable and metallic carbide MXenes with the strongest metallophilicity to Li, Na, K, Mg, Ca, 

Fe, Zn, and Al, respectively. 

 

To speed up the application of this work in experiments, we further verified the top-20 

predicted Eb relating to experimentally synthesized MXenes (Ti3C2Tx [59], Zr3C2Tx 

[60], Hf3C2Tx [61], Cr2TiC2Tx [58], Mo2ScTi2Tx [62], and Mo2TiC2Tx [58]) for each 

kind of metal using the HTAW, and MXenes with top-3 DFT calculated Eb for each 

kind of metal are listed in Fig. 8. It is exciting to find that Cr2TiC2O2 appears in the list 
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of all eight metals and ranks at the first place. More importantly, Cr2TiC2O2 even 

appears 4 times in Fig. 8, which indicates that the Cr2TiC2O2 happens to be one of the 

MXene materials with the strongest metallophilicity to all metals considered in this 

work, which represents a good subject for further study. It is worth noting that, 

Mo2ScC2O2 also possesses strong metallophilicity to many kinds of metals (e.g. Li, Na, 

K, Mg, and Ca), which is comparable to Cr2TiC2O2. 
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Fig. 8. Synthesized MXenes with the strongest metallophilicity to each kind of metal. (a-h) 

Synthesized MXenes with the strongest metallophilicity to Li, Na, K, Mg, Ca, Fe, Zn, and Al, 

respectively. 

 

3. Conclusion 

In this work, we systematically studied the metallophilicity of ordered five-atomic-

layer MXenes to eight kinds of metals by means of the HTAW and AutoML schemes. 

The entire compositional space involves 21256 combinations. 2651 of them are studied 

by the DFT based HTAW and serve as the dataset for ML, and the remaining 18605 

combinations are predicted by the trained ML model. An HTAW is constructed, which 

makes it possible to perform tens of thousands of DFT calculations without human 

intervention. A rational feature engineering method is designed, which overcomes the 

structural complexity of MXenes. An ML model is then trained using the AutoML 

technique. ML predictions over the entire compositional space are visualized using 

violin plots, and a ‘cooperation with neighbor’ mechanism governing MXenes’ 

metallophilicity is summarized, which may further guide the exploration of novel 2D 

materials with strong metallophilicity. Stable and metallic MXenes with the strongest 

metallophilicity to each kind of metal are also discovered, for example Y2HfC2S2, 

Cr2VC2O2, Cr2MoC2O2, Sc2ZrC2S2, and Cr2TiC2O2. Among them, -O terminated 

Cr2TiC2 is already synthesized, and represents a good subject for further study. We also 

share our high-quality dataset and the trained ML model in public. The dataset is 

obtained using relatively high DFT accuracy and can be used for developing and 

evaluating new ML algorithms. Besides, if new terminations and/or metal anodes are 

considered, one only needs to generate a small amount of extra data to expend the 
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dataset and expand the applicability of the ML model. This work points a direction for 

the research of MXenes as metallophilic anode host materials and greatly reduces the 

compositional space to be studied in the future. 

 

4. Methods 

4.1. HTAW details 

The calculation of Eb involves the following four steps (Fig. 3): 

 

First, the HTAW reads the system information (M’, M’’, X, T, and the type of the 

adsorbed metal), and models the crystal structures of the primitive-cell MXenes 

according to the system information. If T = □ (termination-free), only one primitive-

cell structure is modelled, since no termination configuration is needed to be considered. 

If T = -O, -S, -Se, -Te, -F, -Cl, -Br, -I, -OH, or -NH, four termination configurations are 

considered and four primitive-cell structures are modelled. 

 

Second, the HTAW performs structure optimizations on these primitive-cell MXenes 

and performs self-consistent field (SCF) calculations to obtain the accurate total energy 

for each optimized structure. To solve the well-known difficult-convergence problem 

of SCF calculations for magnetic systems, a three-step method is implemented. We first 

generate the wavefunctions of the initial structure using the ‘all band simultaneous 

update of orbitals’ algorithm, which takes longer time but converges better. Then, using 

the blocked Davidson algorithm (much faster) and starting from the obtained 
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wavefunctions, the structure optimizations can proceed much more smoothly. Finally, 

the ‘all band simultaneous update of orbitals’ algorithm is used again for SCF 

calculation to obtain the accurate total energy for each optimized structure. After DFT 

calculations, the HTAW collects the total energies of these primitive-cell MXenes and 

determines the most stable termination configuration with the lowest total energy. 

 

Third, the HTAW models the structures of the three adsorption systems (a 3 × 3 × 1 

supercell of the primitive-cell MXene with stable terminations and a metal atom 

adsorbed on the corresponding adsorption site), the clean 3 × 3 × 1 supercell MXene 

slab, and the single metal atom in a cell with the same lattice constants. 

 

Finally, the HTAW performs structure optimizations and SCF calculations using the 

three-step method for the structures modelled in step three. After the DFT calculations, 

the HTAW collects the total energies and calculates Eb which is defined as – (Eadsorption 

system – Eclean MXene slab – Esingle metal atom), where Eadsorption system, Eclean MXene slab, and Esingle 

metal atom are the total energies of the optimized adsorption system, the optimized clean 

MXene slab and the single metal atom, respectively. All the three calculated Eb are used 

for the ML study, whereas only the highest Eb are selected to reflect the metallophilicity. 

 

4.2. AutoML details 

Using different feature preprocessing methods [63], machine learning algorithms and 

hyperparameters can have a huge impact on the ML performance on the same dataset. 
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To find the suitable feature preprocessing method and the machine learning algorithm, 

and set hyperparameters properly, here we use AutoML which taps into the advantages 

of meta-learning, Bayesian optimization, and ensemble building (Fig. 1c) [42]. In this 

work, A total of 2309 ML models with different feature preprocessing methods, 

machine learning algorithms and hyperparameters are evaluated during the Bayesian 

optimization process, and the top-28 models with the best performance are combined 

into an ensemble as the final model for Eb prediction [64]. 

 

4.3. DFT details 

All the simulations are performed within the framework of DFT [65] using the Vienna 

Ab initio Simulation Package (VASP) [66,67]. The energy cutoff of the plane-wave 

expansion of the projector augmented waves (PAWs) [68,69] is set to 520 eV. The 

Perdew-Burke-Ernzerhof (PBE) version of the generalized gradient approximation 

(GGA) is used for the exchange-correlation energy [70]. Due to the strong correlation 

effects in transition metals, a spin-polarized GGA plus Hubbard U (GGA+U) method 

[71] with the U value of 4 eV for Sc, Y, Ti [58], Zr, Hf, V [58], Nb [58], Ta [58], Cr 

[72], Mo [73], and W is used. The Gaussian smearing method is used to describe the 

Fermi-Dirac distribution with the width of the smearing setting to 0.01 eV. The DFT-

D3 method is used for the van der Waals (vdW) dispersion energy correction [74,75]. 

A 3 × 3 × 1 supercell is used for the calculation of Eb, which ensures that the distance 

between two adsorbates is ~10 Å. A vacuum layer of at least 15 Å is used to avoid 

interactions between adjacent periodic images in the out of plane direction. The 
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Gamma-centered k-point meshes are used for the sampling of the Brillouin zone [76]. 

12 × 12 × 1 and 4 × 4 × 1 k-point meshes are used for structure optimizations for the 

primitive cell and the 3 × 3 × 1 supercell, respectively. HSE06 hybrid functional is used 

for the calculation of electronic structures. For structure optimizations, 10-5 eV is 

chosen as the convergence criterion for the total energy, and 0.01 eV / Å is chosen as 

the convergence criterion for the atomic force. Phonopy is used for the calculation of 

phonon spectrum [77,78]. Henkelman group’s code is used for Bader charge analysis 

[79]. Pymatgen [80] and Vesta [81] are used for data processing and crystal structure 

visualization. 

 

Supplementary materials 

Supplementary material associated with this article can be found, in the online version, 

at doi: ((to be filled)). 

 

Data availability 

Dataset generated and used in this work is available. ML model trained in this work is 

available. 
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