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Abstract: The two-dimensional (2D) materials are highly demandable for the high charge rate in
batteries. In Li-ion batteries, the 2D graphene materials are mostly well-studied. For metallic material,
the physical/chemical properties can be tuned because the MXenes surface has a dangling bond
according to their functional group, which provides MXenes are novel materials for batter
electrochemical performance. The optimization and stability of the Hf3C,F2 monolayer are given ab-
initio molecular dynamics (AIMD) by the density functional theory approach. Here, the monolayer of
Hf3C,F has a stable structure, metallic nature, and low diffusion energy barrier shows a metal anode
material for the rechargeable storage device.
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1. Introduction

Batteries have been most demandable in the last few years, and large-scale applications
in mobile electronics, electric grids, and e-vehicles are recent advantages for environments [1-
5]. The lon battery is most demandable. The Li-ions (LIBs) are well advanced and the most
stable battery technologies, compared to others with longer charge-discharge cycles and high
energy density [6-9]. Sodium-ion batteries (NIBs) are also in demand because of similar
chemical properties, high storage capacity, and the most abundant material on earth, allowing
Sodium to compete with Lithium. The number of experiments says that 2D material shows
high capacity [10-14], low open-circuit voltage, well the stability of cycle in wich 2D MXenes
experimentally synthesis in MAX phase with Mn+1AX, (n=1,2,3..) shows batter results in anode
materials of batteries, where M is known as a transition metal group (Ti, V, Zr, Hf, etc.), A is
group 13-14 elements(Si, Al, Ge, Ga, etc.) and X is Carbide or Nitraide group [15-21]. In which
TisC, reported a capacity is 410 mAhg™ of Li atom per 1C [22]. At the same time, Density
Functional Theory (DFT) predicts 320 mAh.g . After terminating a halide group (F, OH, etc.)
to form a TisCsLiz, here lithium capacity is majorly reduced [23]. Very recently, MXenes Hf3C»
synthesized by the solid solution of Hf3[Al(Si)]4Cs and via selective etching under hydrofluoric
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acid the solid solution form to Hf3C,T2 MXenes, and results show a HfsC, showed 200 cycles,
1567 mAh cm volumetric capacity compared to HfsC, T2 has 640 mAhg™?, which suggest that
Hf3C, as an electrode has higher potential in batteries, specifically in power electronic
applications[24]. In our work, we define the electronics properties of Hf3C2F2 using the first
principle. In which we derive the density of state of Hf3C2F2, the band structure of HfsC2F2. we
derive structural stability of HfsC>F2 at room temperature performed by ab-initio molecular
dynamic (MD); with the help of the above properties, we can say that Hf3CyF» is better
electrode material for metal-ion batteries.

2. Materials and Methods

All the calculations are done using the DFT method in the projector augmented wave
(PAW) study as employed in the Vienna ab initio simulation (VASP)[25,26]. Here, for better
results, we apply Perdew-Burke-Ernzerhof's (PBE) functional for relaxation of 2D Hf3C.F»
hexagonal monolayer and explain the ion-electron exchange-correlation. In this case, the 2D
MXenes relaxed with 500 eV cut-off energy without any constrains symmetry. For vacuum
space in the z-axis here, we use 22.6 A, which prevents any interaction between periodically
repeated images and layers. The energy convergence for hexagonal MXenes is 10 eV, and the
force is 0.003 eV/A. For geometry optimization, the k-points are 5x5x1 with Gamma gride and
15x15x1 more significant for electronic calculations. The ab initio molecular dynamics were
performed in 2x2x1 supercell with 5ps duration and 1 fs time step at 300K to check structural
stebility[27].

3. Results and Discussion
3.1. The structural properties of MXenes monolayer.

3.1.1. Structure of HfsC,F> monolayer.

Along the x-y and z-x plane view of the optimized structures of the Hf3C.F> monolayer
is shown in Figure 1. The fluorine atom is functionalized with the Hf atom on the top of the
HfsC> monolayer (Figure 1(a,b)); there are three positions of Hf-base MXenes are considered.
The above structure is fully optimized with lattice constant and their positions. To form a
Mxenes monolayer, the required cohesive energy of Hf3CaF. Ecis -51.25 eV by DFT study. It
means that the Hf3C,F> monolayer is mechanically stable. Here, the Hf-C bond length is drawn
out, which indicates the strong interaction between F and Hf atoms that shows in the top-view
and bottom-view of Hf3CoF».

Figure 1. (a) Top-view along x-y plane and (b) side-view along z-x plane of Hf;C,F, monolayer.
https://biointerfaceresearch.com/ 20f6
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3.1.2. Structure dynamical properties.

The AIMD simulation was performed in a Canonical(NVT) ensemble; here, we use a
2x2x1 supercell with a time step of 1fs for a time duration of 5ps to check thermodynamic
stability at room temperature. Figure 2 shows the energy convergence data as a function of
time(fs) in which we put our system directly at 300 K; the results show first higher peak after
time get higher energy near -257.8 eV with zig-zig form.
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Figure 2. Shows the Energy convergence per unite time steps.

Figure 3(a), (b) show the structure at room temperature; the C atoms are slightly sifted
from their positions due to vibration via temperature, but the bond between Hf-C is there, which
indicates Hf-based MXenes gives experimentally positive results. Also, it was seen that there
is no breaking of bonds between the atoms. From these results, we can say that the Hf3CoF>
monolayer thermally is stable at room temperature.

Figure 3. (a) Top-view along the x-y plane and (b) side-view along the z-x plane of Hf;C,F, monolayer after
room temperature MD.

3.2. Electronic properties and nature of HfsCaF».

To understand the electronic properties of the HfsC>F> monolayer, we have calculated
the orbital contributed electronic band structure and projected density of states (PDOS). From
the electronic properties, we discuss electrons density at different states in eV and show a more
dense phase occupied by electrons. We discuss the electronic band structure, which shows the
metallic nature is appropriate for anode material in metal-ion batteries.
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Figure 4. (a) the Density of states of Hf3C.F, and (b) Band structure of Hf;CF».

The electronic structure of anode materials plays a vital role in the stability of the cycle
and operation rate. Here, Figure 4 explains electrons' behavior per state and nature of the
material. In Figure 4(a), the total DOS analysis shows the total electrons' contribution per unit
state of all shells of Hf, C, and F atoms, which offer in the black line. A study of the partial
DOS suggests that the Hf-d shell has more contribution in total DOS where other shells of C-
p and F-p show the less contribution, F-s, and C-s shell has not contributed near the Fermi
level. For material, electronic nature Figure 4(b) shows the electronic band structure of HfsC2F»
MXenes monolayer in which the band lines are crossing the Fermi level that implies metallic
nature. From these investigations, we can say that the Hf3CzF, monolayer will be a better
candidate for metal-ion batteries as an anode material.

4. Conclusions

We have methodically explored the structural stability electronic properties of 2D
MXenes Hf3C2F2 monolayer using first-principles calculations. The 2D Mxenes Hf3CoF»
monolayers have a favorable potential application in metal-ion batteries as an anode material
because it shows metallic behavior confirmed by the DFT investigations. The HfsC2oF2, MXenes
monolayer has excellent performances, including good conductivity and stable structure by
AIMD approach shows potential in energy storage application.
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