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A B S T R A C T   

Obtaining the structure of the Ti3C2S2 MXene using Density Functional Theory, we study here for the first time 
the adsorption and diffusion of an Mg ion on the surface of the MXene. We find a very strong adsorption and the 
lowest energy barrier for Mg diffusion in Ti3C2-based materials reported so far. This value, equal to 0.049 eV, is 
comparable to the one for the diffusion of a Li ion on the surface of the Ti3C2Cl2 MXene reported in previous 
studies, which was equal to 0.03 eV. The Ti3C2S2 MXene could, therefore, potentially present as the best option 
for an anode electrode in Mg-ion batteries, while offering a safer, lower cost alternative to Li-ion batteries.   

1. Introduction 

Useful in electric vehicles as well as portable electronic devices like 
mobile phones and laptops, Li-ion batteries (LIB) have been accepted as 
the most common power source [1]. LIB advantages lie with their light 
weight, long cycle durability, and higher energy density than its pre
decessors [2]. In addition, Li-ions have small atomic radius, thus 
exhibiting high diffusion coefficient [3]. 

Despite the aforementioned factors that make LIB widely used, there 
are still problems that arise with their continuous usage. For example, 
LIB have not yet provided a solution for large-scale applications [4], like 
sustaining a clean power grid [5]. The main disadvantage currently is 
the limited lithium reserves [1]. In addition, there is a variety of safety 
issues when it comes to Li-metal anode electrodes [6], especially the 
forming of lithium dendrites. For these reasons, attention has been 
shifted in recent years to technologies beyond the use of Li. 

Batteries based on multivalent atoms are the most studied ones due 
to their higher volumetric capacity [6]. In particular, Mg-metal anodes 
have garnered interest due to the thermodynamic properties of mag
nesium [7]. Mg-ion batteries (MIB) are dendrite-free, thus safer than 
LIB, lower cost since Mg reserves can be found in abundance [6], and, 
because Mg ions are divalent, they offer higher energy density [8]. The 
use of MIB, however, does not come without its own obstacles. 

A major setback is the fact that the intercalation of Mg-ions into 3D 
compounds lacks understanding [9]. For that reason, MXenes are being 
studied as energy storage materials since they are versatile and their 

structure allows for fast ion transport. 
MXenes are a new family of 2D materials first produced by etching 

MAX phases [10]. The latter have the general formula Mn+1AXn, (n = 1, 
2, 3), [M an early transition metal (groups 3–7 in the periodic table), A 
an element belonging in the A-group of the periodic table, and X is 
carbon (C) or nitrogen (N) [4,11–13]] and were soaked into acid, thus 
destroying the bonds between T and A. The result was 2D flakes, the 
MXenes, with the general formula Mn+1XnTx, (n = 1, 2, 3), where T 
stands for a surface termination atom [14]. 

In 2014, Xie et al. [15] theoretically studied MXene nanosheets as 
anode materials for non-lithium-ion batteries. They found that 
OH-terminated Ti2C is not a desirable material since it exhibits poor 
Mg-ion adsorption and a migration barrier energy for the Mg ion equal 
to 0.425 eV, a value close to that for a Li ion (0.503 eV [16]). Moreover, 
they showed that the Mg ion in the Ti3C2O2 MXene exhibits strong 
adsorption but a migration barrier energy larger than 0.5 eV, thus 
rendering the material unsuitable for anode electrode. 

In 2018, Xu et al. [17] using Density Functional Theory (DFT) sim
ulations reported that the Mg ion cannot be easily adsorbed by OH and F 
terminations in Ti3C2. In addition, the migration barrier energy for the 
Mg ion in the Ti3C2O MXene was found larger than 0.8 eV (see Fig. 3 of 
Ref. 17). 

In 2020, Kaland et al. [18] using both DFT simulations and experi
ment found that the Mg ion does not adsorb on the surface of single-layer 
Ti3C2(OH)2 and single-layer Ti3C2F2, exhibiting positive adsorption 
energies in both cases. Moreover, they calculated the Mg migration 
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barrier energy in single-layer Ti3C2O2 at 0.808 eV. 
Also in 2020, Zhu et al. [2] examined two cases for interlayer spacing 

in Ti3C2O2. They found migration barriers for an Mg ion equal to 0.57 eV 
and 0.53 eV when the interlayer spacing increased from 1.4 nm to 1.8 
nm respectively. These results were validated through DFT. 

Finally, in 2021, Chaney et al. [19] using DFT found that the Mg ion’s 
migration barrier in Ti2CS2 was in the range of 0.45–0.52 eV. 

In the present paper, we study the adsorption and mobility of an Mg 
ion on the surface of the Ti3C2S2 MXene, a material never before 
examined. We show that Ti3C2S2 exhibits lower migration barrier for Mg 
than all the Ti3C2-based materials studied so far, a fact that makes it the 
most promising material for anode electrode in MIB batteries. The 
reason for choosing Ti3C2 as a substrate, is the fact that, up to now, this 
particular MXene remains the most conductive one [20,21]. 

2. Computational methods 

For the bulk structure of Ti3C2 with no termination atoms, we used 
an initial cell suggested in both experimental and theoretical analysis 
[10,22]. We performed electronic structure calculations within the 
framework of DFT using the CASTEP package [23–27]. DFT uses pseu
dopotentials [28] to describe the electron-ion interactions [29]. The 
exchange-correlation interactions between electrons were described by 
the generalized gradient approximation (GGA) method. 

A vacuum space of 30 Å [30] was introduced between adjacent layers 
to minimize the mirror interactions between the upper and bottom 
layers. A plane wave cut-off energy Ecut = 650 eV and a k-point spacing 
of 6 × 6 × 1 was used in order to converge the overall energy per for
mula unit to 10− 5 eV. 

The structures were fully optimized using Broyden - Fletcher - 
Goldfarb - Shanno (BFGS) geometry optimization method [27,31]. All 
structures were relaxed until the residual forces on the atoms declined to 
less than 0.01 eV × Å− 1. 

After obtaining the Ti3C2S2 structure, we applied DFT anew inserting 
an Mg ion on the surface of the structure, and at a distance from the S 
atoms equal to the bond length R0 between S and Mg. The bond length is 
defined as the distance between the nuclei of two bonded atoms [32]. 

To calculate the energy barrier for an Mg ion to diffuse on the surface 
of Ti3C2S2 we worked as follows: First, we created a 2 × 1 × 1 supercell 
of the structure. The initial position of the Mg ion, which is called 
reactant, was that predicted after the aforementioned DFT calculations, 
while the final position, which is called product, was the same position 
in the adjacent cell. We then applied a full linear and quadratic syn
chronous transit (LST/QST) transition state (TS) search algorithm in 
CASTEP [33]. The migration barrier height was calculated as the barrier 
from reactant, that is, as the energy difference between the maximum 
and initial energy step. 

To visualize the diffusion pathways, we used the Bond Valence Sum 
(BVS) model [32,34–38] which is based on Pauling’s electrostatic 
valence principle [39]. Papadopoulou et al. [40] showed that BVS rep
licates the DFT results, particularly for diffusion pathways, with good 
accuracy and great time efficiency, without needing the exact positions 
of the atoms. 

For the calculation of the bond valence sums, we used the command 
line form of the softBV software [41] and the parameters available 
therein [42]. 

In practice, we created a 2 × 2 × 1 supercell of Ti3C2S2. We then 
placed a grid of Mg ions inside the structure. Valid sites for the Mg ion to 
sit were the locations where the total BVS was within ±0.2 valence units 
of the natural oxidation number of Mg which is equal to +2. 

Finally, for a single Mg ion adsorption, we calculated the adsorption 
energy Eads using the following equation: 

Eads = ETi3C2S2 − Mg − ETi3C2S2 − EReference (1)  

where EReference is the total energy of a Mg atom in the Mg metal bcc 

phase. The latter was calculated by taking a 2 × 2 × 1 supercell of metal- 
Mg2 and applying DFT, then dividing the final energy by the total 
number of atoms in the supercell. 

The figures in this paper were produced using the VESTA software 
[43]. 

3. Results & discussion 

In Fig. 1 we see the 2 × 2 × 1 supercell for the resulted Ti3C2S2–Mg 
MXene layer. The S atoms sit in the fcc positions, in agreement with 
previous studies [30,44,45]. We have defined the fcc positions as the 
sites on the MXene’s surface that no other atoms exist underneath them, 
a schematic of which can be found in Fig. 2 of Ref. [30]. In addition, the 
Mg ions favour the sites on top of the middle-level Ti atoms (see Fig. 1), 
which we will denote from now on as Ti2. Other possible adsorption 
sites for the Mg ions were the fcc positions, the positions above a top 
level Ti atom, and the hcp sites, i.e., the positions above a bottom level Ti 
atom. All these configurations, however, were less stable, and are not 
discussed here. 

The adsorption energy Eads for a single Mg ion on the surface of the 
Ti3C2S2 MXene as calculated using Eq. (1) is − 1.75 eV. 

After the TS search, we found that the TS Mg will sit at the fcc po
sition, thus the Mg ion will follow the path Ti2 – fcc – Ti2. This move
ment of the Mg ion is shown in Fig. 2a. The contour map of the pathway 
using the BVS model as discussed in Section II is shown in Fig. 2b. 

Finally, the energy barrier for diffusion of the Mg ion on the surface 
of the Ti3C2S2 MXene monolayer is 0.049 eV. 

The energetically most favourable positions for the Mg ion were 
found to be the sites directly above a Ti2 atom. These sites exhibit strong 
adsorption (− 1.75 eV), stronger than the fcc positions (− 1.52 eV) 

Fig. 1. The 2 × 2 × 1 supercell for the Ti3C2S2–Mg MXene layer after geometry 
optimization: a) 3D view, b) front view, c) top view. Blue spheres: Titanium 
atoms. Brown spheres: Carbon atoms. Yellow spheres: Sulfur atoms. Orange 
spheres: Magnesium ions. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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reported in Ref. [30] for the Li ion. 
Despite the strong adsorption, there is a very low migration barrier 

(0.049 eV) which is much lower than the one calculated in the Li-case 
(0.29 eV [30]) for the same material. This fact indicates that the use 
of Ti3C2S2 as anode electrode in MIB could potentially ensure faster 
charge/discharge rates than in the LIB case, as the Mg ion will be much 
more mobile than the Li ion. During charging of an Mg-ion battery cell, 
Mg ions leave the positive electrode (cathode) and move through the 
electrolyte to the negative electrode (anode). We have, therefore, a 
storage of energy to the anode. During discharging of the battery, this 
energy is released, and Mg ions move back to the cathode. A schematic 
of this working cycle, including the Ti3C2S2 MXene anode, can be seen in 
Fig. 3. 

This value of 0.049 eV is also comparable to the one for Ti3C2Cl2–Li 
as reported by Papadopoulou et al. [30], which was equal to Eact = 0.03 
eV, where Eact is the activation energy for diffusion, and was stated to be 
the lowest migration barrier so far when it comes to the use of Ti3C2Tx as 
the basis material. A comparison of the migration barriers in both LIB 

and MIB can be seen in Fig. 4. Therefore, taking under consideration the 
many advantages of MIB over LIB as described in detail in Section I, 
Ti3C2S2–Mg can be a safer, lower cost alternative to Ti3C2Cl2–Li for 
anode electrode. 

Regarding the transition state, the BVS model predicted the exact 
position of the TS Mg ion, which was on top of the S atom in the front 
view of the MXene layer, as shown in the right panels of Fig. 2. BVS 
completed the calculations in a small fraction of the time it took to run 
the CASTEP calculations. The BVS, however, resulted in a minimum 

pathway energy (EBVS = D0

⎡

⎢
⎣
∑NX

j=1
(sA− Xj − smin)

2

s2
min

− N

⎤

⎥
⎦+ Erep [38,40,46]; D0 

bond dissociation energy, N number of anions X the cation A bonds with, 
Erep penalty term due to Coulomb repulsions, smin valence corresponding 
to the equilibrium distance between A and X [47]) equal to 0.003 eV. 
This underestimation in activation energy in the BVS model has been 
previously reported not to affect the results when comparing two 
different structures [40], i.e., EBVS keeps the trend in Eact between 
various materials intact. For a more in-depth analysis of the BVS model, 
one should refer to Ref. [32], as it is not under the scope of the present 
study. 

As an outlook for the future research, the following study should be 
carried out: Zhu et al. [2], as mentioned in Section I, found migration 
barriers for an Mg ion equal to 0.57 eV and 0.53 eV when the interlayer 
spacing increased from 1.4 nm to 1.8 nm respectively. Such a behavior is 
consistent with the recent findings by Zhang et al. [48] who by means of 
molecular dynamics simulations on a layer by layer basis showed that 
the activation free energy gradient controls interfacial mobility in thin 
polymer films in a fashion similar to that predicted by a thermody
namical model (e.g. see Refs. [49–51]) stating that gf = cBΩ, where gf is 
the activation free energy for diffusion, B stands for the isothermal bulk 
modulus, Ω the mean volume per atom and c is a constant practically 
independent of temperature and pressure. It is worthwhile to investigate 
whether such an interlayer spacing behavior also holds for the present 
case for Mg ion diffusion in the Ti3C2S2 MXene. 

4. Summary and concluding remarks 

Performing electronic structure calculations within the framework of 
DFT, we obtained Ti3C2 MXene structure with S termination atoms. We 
found that the termination atoms sit in the fcc positions on the surface of 
the MXene. 

In addition, a study of the adsorption energy for a single Mg ion on 
the surface of the Ti3C2S2 MXene showed strong adsorption, in partic
ular, − 1.75 eV. This value indicates that the Mg ion is more strongly 
bonded to the surface of the Ti3C2S2 MXene than a Li ion on the same 
material (− 1.52 eV [30]). 

Furthermore, we calculated the energy barrier for diffusion of a Mg 

Fig. 2. a) Top view (left) and front view (right) of the 2 × 2 × 1 supercell for 
the Ti3C2S2–Mg MXene layer, including the reactant, TS and product Mg-ion. 
The arrow indicates the direction of the diffusion. b) 3D view (left) and front 
view (right) of the 2 × 2 × 1 supercell for the Ti3C2S2–Mg MXene layer 
including the contour map of the conductive pathways as calculated from the 
BVS model. Blue spheres: Titanium atoms. Brown spheres: Carbon atoms. Yel
low spheres: Sulfur atoms. Orange spheres: Magnesium ions. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 

Fig. 3. The inner workings of a MIB battery, with a Ti3C2S2 MXene anode.  

Fig. 4. The migration energy barriers for LIB and MIB using Ti3C2-based MXene 
anodes. The value for Ti3C2O2–Mg was taken from Ref. [2]. 
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ion on the surface of the Ti3C2S2 MXene. We found a very low migration 
barrier (0.049 eV), the lowest one found so far for Mg in a Ti3C2Tx 
structure and comparable to that found by Papadopoulou et al. [30] for a 
Li ion in the same structure which was equal to 0.03 eV. This fact can 
possibly ensure fast charge/discharge rate if we use Ti3C2S2 as anode 
electrode in MIB. 

The present theoretical study demonstrated the promise of Mg car
riers in the Ti3C2S2 MXene system and we anticipate that it will motivate 
further experimental studies in these systems for battery applications. 
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