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Abstract:

In order to meet the requirements of advanced mobile electronic devices and electric vehicles, it is urgent to
develop efficient energy storage technique. Lithium-ion (Li-ion) battery is one of most prospected candidates for
such a technique. Note that, for the achievement of efficient Li-ion battery, two-dimensional (2D) electrode
materials received scientists’ attention. In this work, we on the basis of density functional theory (DFT)
successfully predicted a new 2D material of BsAl; and evaluated its potential as an electrode material for Li-ion
battery. Our results shown that intrinsic BsAlz is metallic and its stability is well confirmed by its ab initio
molecular dynamic (AIMD) simulation and phonon spectra calculation. Interestingly, calculated theoretical
specific capacity of BsAl, can reach up to 993 mA h/g, and AIMD simulation further confirmed that geometry of
BsAl is well kept at this specific capacity. Meanwhile, we observed that BsAl> always displays a metallic
characteristic when it is absorbed by Li ions with various concentrations, which indicates an excellent electrical
conductivity during charge and discharge processes. Moreover, we revealed that BsAly can display a low
diffusion energy barrier of 0.05 eV, which is favorable for fast charge and discharge processes. In addition, we
also revealed that BsAl» can exhibit a low open-circuit voltage (OCV) with a range from 0.06 to 0.54 V. All of
these findings successfully disclose a new 2D metallic material and its superior performances endow it with a
promising electrode material for Li-ion battery application.
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INTRODUCTION

Li-ion battery that benefits from reducing carbon emissions, saving resources, environmental protection and quiet operation
has been regarded as an outstanding energy storage technology [l Currently, Li-ion battery has been widely used in various
aspects in modern life, such as smartphones, laptops and new energy vehicles, now 7). In order to achieve efficient Li-ion
battery, a key is to found out an advanced electrode material. Note that, traditional electrode materials with ecumenic
electrochemical characteristics have cannot meet requirements of efficient Li-ion batteries. For example, graphite is a typical
electrode material for Li-ion battery %, However, its theoretical capacity is only 372 mA h/g, which cannot fully meet a high-
performance application that requires extremely high energy density ['%!!l. Meanwhile, the capacity decay rate of graphite is
relatively fast, which results into a short battery cycle life ['2]. Besides, lithium dendrites may appear on graphite electrode,
which will puncture the electrode and ultimately result into a worrying safety accident ['3!. Thus, it still is urgent to develop
new electrode materials with superior electrochemical characteristics [14-1],

Recently, 2D materials have attracted widespread attention due to their unique atomic structures and excellent electronic
properties. First of all, larger specific surface area can achieve a large aggregation of lithium ions, which is favorable for the
realization of high capacity [!7l. Secondly, 2D material can provide a rapid diffusion for lithium ion, which is facilitative for
battery’s charge and discharge rates ['®], And then, recent studies shown that most 2D materials can possess a good
conductivity ['*2%, Finally, some investigations revealed that their lattices can undergo a minimal change during lithium
insertion and delithiation, which ensures a stability of material after multiple charge and discharge cycles. At present,
renowned 2D materials, such as graphene ['1, phosphorene 2%, transition metal disulfides ?3-2%], MXene materials 26281, have
been excellently highlighted as promising electrode materials. Nevertheless, there still some disadvantageous for their practical
applications. For example, diffusion energy barrier of graphene is high [*, which might affect its charge and discharge
processes. Phosphorene is a semiconductor with a low conductibility, and transition metal disulfides and MXene materials
always display low capacities %, Therefore, developing high-performance 2D electrode materials for Li-ion batteries is still a
challenging task.

Recently, much attention has been paid to 2D III-A group materials B!l First of all, one of typification is borophene 321,
Various phyletic borophenes, such as honeycomb borophene, 12 borophene, ¢ phase borophene, Pmmn borophene and DMF-
exfoliated borophene have been synthesized experimentally [33-3%], In particular, Xu et al. reported possibilities of applications
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of Pmmn borophene and DMF-exfoliated borophenes as electrode materials [*]. Subsequently, inspirited by these studies, 2D
AlBx materials were proposed and verified as promising host materials for Li-ion batteries. For example, in 2021, Geng et al.
successfully deposited 2D AlB, nanosheets on a pure aluminum substrate by a mechanical cleavage method P71, Then the
possibility of application of 2D AlB: structure as a lithium anode material was explored through first-principles calculations 3%,
In 2022, Saeid et al. successfully predicted a 2D AlBs structure using a first principles method %), Then, Ma et al. explored the
possibility of application of 2D AlB4 as a negative electrode material for Li-ion battery through a first principles method %1,
Recently, 2D AlBs structure has been predicted to have high theoretical specific capacity and good stability, which leads it to
be an excellent electrode material for Li-ion battery (!, These findings suggest that 2D III-A group materials can exhibit a
significant potential as electrode materials of Li-ion batteries.

In this work, we successfully predicted a new 2D material of BsAl> and confirmed that it is an excellent electrode material for
Li-ion battery. We found that intrinsic BsAl» is metallic and AIMD simulation and phonon spectra calculation show that it
possesses solid stability. In particular, some excellent electrochemic properties were explored. (a) Calculated theoretical
specific capacity of BsAl» can reach up to 993 mA h/g, and AIMD simulation further confirmed that geometry of BsAl is well
kept at this specific capacity. (b) Meanwhile, we observed that BsAl, with various Li adsorption concentrations always
displays a metallic characteristic, which indicates a good electrical conductivity during charge and discharge processes. (c)
Moreover, we revealed that BsAl» can display a low diffusion energy barrier of 0.05 eV, which is favorable for fast charge and
discharge processes. (d) In addition, we also found that BsAl> can exhibit low open-circuit voltages (0.06 ~ 0.54 V). As a result,
solid stability and superior electrochemic performances endow it with a promising electrode material for Li-ion battery
application.

COMPUTATIONAL METHODS

First principle calculations based on DFT method [*?! were performed by Vienna ab initio simulation package (VASP) [*l. The
approximate method of generalized gradient approximation (GGA) “4! with the exchange correlation functional of Perdew
Burke Ernzerhof (PBE) ! was used. The cut-off energy of the plane wave 6! was set as 700 eV. For structural optimization
calculations, we selected a 11 x 14 x 1 Gamma center k-point grid 7}, and for electronic property calculations we used a 14 x
18 x 1 Gamma center k-point grid. The convergence standard of electron was set to be 1.0 x 10° eV, and the stress
convergence standard acting on each atom in the system was 0.01 eV/A ] In order to eliminate van der Waals force
interactions between images, a vacuum layer of approximate 30 A was established in the z-axis direction. In this work, DFT-
D3 method 9 was introduced to handle with the van der Waals interactions. For AIMD simulation %, the temperature was set
to be 300 K. The total simulation time was set to be 20 ps, and the step size was set as 1 fs. Besides, Climbing Image Nudged
Elastic Band (CI-NEB) method was used to determine the pathways and corresponding energy barriers of Li diffusion on
BsAl, surfaces.

RESULTS AND DISCUSSION
Crystal structure and electronic properties of 2D BsAls structure

Firstly, we investigated geometric structure and electronic properties of intrinsic BsAl. Figure 1 (a) gives top and side views of
optimized BsAl> structure. Clearly, top and bottom surfaces of BsAl, are asymmetric. Its unit cell is a rectangle, and
corresponding lattice parameters are a = 3.41 A and b =2.90 A. BsAl is a six-story structure, which contain two Al layers and
four B layers. Calculated bond lengths are listed in Table 1. Electronic properties of BsAl> were explored by investigating its
density of states (DOS). As shown in Figure 1 (b), there are many states at the Fermi level, which indicates that BsAl is
intrinsically metallic °!l. Further analysis shown that metallic state is mainly contributed by B 2p state. Besides, we studied its
dynamical and thermal stabilities by phonon spectra calculation and AIMD simulation, respectively. Here for phonon spectra
calculation, a 4 x 4 supercell combined with 14 x 18 x 1 k-point were used, and for AIMD simulation, a 4 x 4 supercell
combined with 11 x 14 x 1 k-point were selected. Corresponding results are listed in Figure 1 (c¢) and Figure 1 (d). As shown
in Figure 1 (c), one can observed that no imaginary frequencies were found in the phonon spectra, which indicates that BsAl is
dynamical stable. As shown in Figure 1 (d), it can be observed that bonds of BsAl structure at 300 K are nearly not broken,
which indicates that BsAl is thermal stable. As a result, metallic characteristic and solid stability provide reliable guarantees
for the application of BsAl, as anode material of Li-ion battery.
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Figurel. (a) Top and side views of optimized 2D BsAl; structure. (b) DOS of 2D BsAl structure at PBE level. (c) Phonon
spectra of 2D BsAls structure. (d) Energy variation curve of 2D BsAls structure at 300K. Structural diagram of BsAl; at 20 ps
was also listed.

Table 1. Bond lengths, d, of 2D BsAl: structure after structural optimization.

d dapes  dapsi  desBi  deiB4  di-e3s  de4B3  deam2  dm3B2  de4-an de3an  dp2an  dB3-an

A) 2294 2171 1669 1812 1812 1.692 1744 1.744 2476 2476 2.165 2.165

Adsorption performance of Li atom on 2D BsAl surfaces

Before studying the electrochemic features of 2D BsAl structure, we investigated the adsorption performance of single Li
atom on BsAl, surface. Here the model was built by putting a Li atom on the surface of a 3 x 3 BsAl supercell. As shown in
Figure 2, eight potential adsorption sites, which include Ta, Ts, Tc, Tp, Ba, Bs, Bc and Bp sties, were considered. Among them,
Ta, T, Tc and Tp are adsorption sites in which Li locates at top surface of BsAl, structure, and Ba, Bg, Bc, and Bp denote
adsorption sites where Li locates at bottom surface of BsAl: structure. In order to determine the most stable Li adsorption site,
the adsorption energy of Li atom, E,gs, is calculated as follows [*2!:

Eads = Egga,Li — Eggal, — Eii (1)
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Figure 2. (a) Possible Li adsorption sites on top surface of 2D BsAl structure. (b) Possible Li adsorption sites on bottom
surface of 2D BsAl structure.

where Ey; represents the energy of a single Li atom obtained from Li metal, Eg.j, represents the energy of the intrinsic BsAl>
structure, and Eggaj,; represents the total energy of whole adsorption system. If the adsorption energy is positive, it means that
the adsorption of Li atom on the surface of BsAl structure is an endothermic process, and if the adsorption energy is negative,
it means that the adsorption of Li atom on the surface of BsAl> structure is an exothermic process. As a result, the adsorption
energies of Ta and Tc sites are positive and cannot stabilize the adsorption. Tp site with energy of -0.38 eV and Ba site with
energy of -0.49 eV are energetically favored sites of Li on top and bottom BsAl, surfaces, respectively. Besides, adsorption
energies of Li atom on a 4 X 4 BsAl, supercells were also considered. We found that, for the top surface, Li atom initially
positioned on Ta and Tc sites will move to Tg and Tp sites, respectively, after optimizations, and for the bottom surface, Li
atom initially positioned on Ba, Bs and Bc sites will move to Ba site. In this case, calculated adsorption energies of Li atom at
Tp and Ba sites become -0.40 and -0.49 eV, respectively. Obviously, discrepancies of adsorption energies of Li atoms on 3 x 3
and 4 x 4 BsAl supercells are small, which confirms the rationality of adsorption model used in this work. Besides, in order to
further understand the interaction between Li atom and BsAl structure, we calculated difference charge densities, as shown in
Figure 3. Here yellow and blue regions represent electron enrichment and electron decrease, respectively. Clearly, the charge
accumulation occurs at BsAl, structure and the charge loss generates at the Li atom. Thus, considerable electrons of Li atom
transfer to that of BsAlx structure when Li atom absorbs on BsAl, surfaces. Obviously, these is a typical ionic interaction
between Li atom and BsAl structure, which explains why Li atom can stably absorb on BsAl> surfaces with low adsorption
energies.
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Figure 3. (a) Top and side views of differential charge density of 2D BsAl structure absorbed with Li atom at the top surface.
(b) Top and side views of differential charge density of 2D BsAl, structure absorbed with Li atom at the bottom surface.

Migration ability of Li atom on 2D BsAl: surfaces

Charging and discharging ability, determined by Li diffusion activity, is one of key parameters for evaluating electrochemic
performance of an electrode material P31, To this end, we investigated diffusion activities of Li on top and bottom surfaces of
BsAl structure. Here starting and ending points of the diffusion path were set as most stable adsorption sites [*. Six
representative diffusion paths, namely Path 1, Path 2, Path 3, Path 4, Path 5 and Path 6, were considered, as depicted in Figure
4. Path 1, Path 2, and Path 3 were selected for diffusion of Li atom on BsAl: top surface, and Path 4, Path 5, and Path 6 were
chosen for diffusion of Li atom on BsAl bottom surface. The CI-NEB method was used for all diffusion calculations. Here 5
insertion points were considered and a 3 x 3 BsAl supercell was applied. Corresponding diffusion barriers are illustrated in
Figure 4. Calculated migration barriers of Path 1, Path 2, Path 3, Path 4, Path 5 and Path 6 are 0.05, 0.43, 0.49, 0.23, 0.44 and
0.67 eV, respectively. As we known, the lower the diffusion barrier, the faster the charging and discharging processes. Here,
the value of 0.05 eV is extremely low. For example, the value is much lower than that of current commercial graphite electrode
material (> 0.32 eV) 3, Interestingly, it is also lower than those of most reported popular 2D electrode materials, such as
WSe (0.24 eV) B8, graphene (0.37 eV) P71, silene (0.25 ¢V) 8, BC3 (0.34 eV) 1, GeS (0.24 eV) 991, phosphorene (0.76 €V)
(11, Si,BN (0.32 V) 62 and SisC (0.46 V) 931, A small diffusion barrier here means that the Li atom can move quickly on
BsAl, surface, which might result into fast charging and discharging processes. As a result, BsAl, served as electrode material
can provide a good rate performance for Li-ion battery.
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Figure 4. (a) Diffusion path and corresponding diffusion energy barrier of Li on top surface of BsAl: structure along the Path 1.
(b) Diffusion path and corresponding diffusion energy barrier of Li on top surface of BsAl structure along the Path 2. (¢)
Diffusion path and corresponding diffusion energy barrier of Li on top surface of BsAl, structure along the Path 3. (d)
Diffusion path and corresponding diffusion energy barrier of Li on bottom surface of BsAl, structure along the Path 4. (e)
Diffusion path and corresponding diffusion energy barrier of Li on bottom surface of BsAl structure along the Path 5. (f)
Diffusion path and corresponding diffusion energy barrier of Li on bottom surface of BsAl; structure along the Path 6.

Theoretical specific capacity of 2D BsAl, structure

Theoretical specific capacity that directly decide the electrochemic performance of Li-ion battery is another critical factor [¢4],
To this end, we studied the theoretical capacity of BsAl structure. Here the theoretical capacity was calculated using the
following formula [6];

C = (zxF)/M ()

where, Z is the valence number (z = 1 for Li), X represents the maximum number of lithium atoms that can be adsorbed by the
system, F is the Faraday constant (F = 26801 mA h/g), and M represents the relative molecular weight of host material. First,
we considered adsorption performance of 2 Li-layers (8 Li atoms) on BsAl structure, namely one Li-layer absorbed on top
surface of BsAl structure and the other Li-layer absorbed on bottom surface of BsAl, structure. Figure 5 (a) gives the most
stable configuration, in which all Li atoms on BsAl, top surface locate at Tp site and all Li atoms on BsAl, bottom surface
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locate at BA site. Corresponding molecular formula can be represented as B2oAlsLis. According to the equation (2), theoretical
capacity of BaAlsLis configuration can be determined as 496 mA h/g. This value is lower than those of Zr,B: (526 mA h/g) [6¢]
and Nb,C (542 mA h/g) [¢7], but higher than those of VS, (466 mA h/g) 81, Ti3C; (448 mA h/g) ], Ti,N (487 mA h/g) "1 and
Ti3C2S2 (311 mA h/g) !l with same 2 Li-layers adsorptions. Recent studies shown that it is possible for adsorptions of
multiple Li-layers on 2D electrode materials ">73]. Thus, we also estimated probabilities of adsorptions of multiple Li-layers on
BsAl, structure by calculating corresponding average adsorption energies. Here we mainly considered probability of adsorption
of additional 2 Li-layers on BoAlsLis structure. In this case, corresponding molecular formula can be represented as BaAlsLije.
The average adsorption energy, Eave, of B2oAlsLiis structure is denoted as:

Eave = (EBzoAlgLila_EBzoAlgLig - 8ELI)/8 (3)

where Eg,aigLis and EgyaigLig are energies of BooAlsLis and BaoAlsLiie structures, respectively. According to the equation (3),
calculated values for 4 Li-layers absorbed BsAl» structures is about -0.06 eV. Corresponding configuration is listed in Figure 5

(b).

Negative value indicates that it is possible for the adsorption of 4 Li-layers on BsAl, structure [l In this case, theoretical
capacity is found to be about 993 mA h/g. Obviously, this value is much larger than the value of 496 mA h/g found on the
basis of 2 Li-layers adsorption. Next, we also used AIMD simulations to further investigate stabilities of BoAlsLig and
BaoAlsLis systems. Figure 5 (c) and (d) show energy variation curves of BaoAlsLis and BaoAlgLiis systems at 300 K,
respectively. It can be seen that variations of energies for both cases are relatively small that they fall in the small ranges.
Furthermore, as shown in insets, geometrical structures of both B2oAlsLis and BaoAlsLiis systems at 10 ps still remain their
initial structural characteristics that in both structures BsAl> doesn’t exhibit a structural reconstruction and all Li atoms still
stoutly absorb on BsAl» surfaces. Thus, it is expected to exhibit high theoretical capacities on the basis of BsAl: electrode
material at room temperature.
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Figure 5. (a) Top and side views of optimized B2oAlsLis structure. (b) Top and side views of optimized B2oAlsLijs structure. (c)
Energy variation curves of B2oAlsLis structure for 10 ps at 300 K. Structural diagram of B2oAlsLig at 10 ps was also listed. (d)
Energy variation curves of B2oAlsLiis structure for 10 ps at 300 K. Structural diagram of BaoAlsLiis at 10 ps was also listed.
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Open circuit voltage and conductivity of 2D BsAl, structure

The open circuit voltage (OCV) is also a key indicator to determine whether Li-ion battery can be efficiently applied. In order
to obtain a high operating voltage, the OCV of the electrode material should be low 73], Here OCV equation is defined as [7°1:

OCV = Eyj ,sa1, — Eligesar, ¥ (X2 = X))E (X2 — X1)€ 4

where Eyj A, and Egj,pa, are the total energies of LixiBsAlz and LixBsAl: systems, respectively. Calculated results are
shown in Figure 6. One can see that minimal and maximal values of OCV are 0.06 and 0.54 V, respectively. Note that OCV
variation here basically falls in a potential range required for the electrode material (0.10 ~ 1.00 V) U], Calculated average
value of OCV is about 0.30 V, which is also comparable with those of recently reported 2D electrode materials, such as VS»
(0.93 V) 68 Ti,N (0.53 V) 791, Ti3C2S2 (0.89 V) 71, Mo>C (0.68 V) 81, Mo2B> (0.93 V) %1, Thus, it is expectable to obtain
high energy output on the basis of BsAl; electrode due to the low OCV value.
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Figure 6. Change trend of OCV with Li adsorption content on BsAl,.

Finally, we also investigate conductivity of 2D BsAl structures under various Li adsorptions by calculating corresponding
DOS. We studied total density of states (TDOS) and partial density of states (PDOS) for five adsorption systems, namely
BooAlsLii, BaoAlsLis, BaoAlsLiz, BaoAlgLis, and BaoAlsLiis, as shown in Figure 7. One can see that, for all structures, a large
number of electron states occur near the Fermi level. Clearly, B atom displays a large contribution, and Al and Li atoms exhibit
relatively small contributions. Thus, BsAl structures under various Li adsorptions still can represent a metallic characteristic,
which well meets the requirement of an ideal electrode material.
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CONCLUSION

In our study, we, on the basis of DFT method, successfully predicted a new 2D III-A group material and confirmed that it is an
ideal 2D electrode material for Li-ion battery. We found that intrinsic BsAl, is metallic and it possesses a good stability.
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Interestingly we found that maximal theoretical specific capacity of BsAl, can reach up to 993 mA h/g. AIMD simulation
further confirmed that geometry of BsAl, can well be maintained at this specific capacity. BsAl, structures with various Li
adsorption concentrations can always display a metallic characteristic, which indicates a good electrical conductivity during
charge and discharge processes. An extremely low diffusion energy barrier of 0.05 eV was found when BsAl» was served as a
platform for Li diffusion. In addition, we also found that BsAl> can exhibit low open-circuit voltages (0.06 ~ 0.54 V). All of
these findings successfully disclose a new metallic 2D structure, which is a highly promising candidate for an electrode
material in Li-ion batteries.
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