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Summary: The potential applications of the B,4N, cage in Li-, Na-, K-, and Mg-ion batteries (LIBs,
SIBs, PIBs, and MgIBs) were explored using density functional theory. Three potential adsorption
sites of M/MY" (M=Li, Na, K, and Mg) on the B,sNy, cage were identified: above the tetragonal,
hexagonal, and octagonal rings. In the case of the octagonal ring, the storage capacity of MgIBs was
found to be 536 mAhg"', surpassing that of LIBs, SIBs, and PIBs with a value of 268 mAgh™'.
Furthermore, the sequence of cell voltages (V1) generated by the B,sN,4 cage in ion batteries was
determined as follows: MgIBs (3.46 V) > LIBs (1.33 V) > SIBs (1.11 V) > PIBs (0.18 V). In both the
tetragonal and hexagonal ring cases, the V.. generated by the B,sNa4 cage were also highest in MgIBs,
at3.12 and 3.38 V, respectively. These findings indicate that the BN, cage could serve as a promising

electrode material for MgIBs.
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Introduction

Environmental degradation and excessive
energy consumption have prompted investigations
into secondary batteries [1-4]. Since the discovery of
lithium-ion batteries (LIBs), they have found broad
applications in various electronic products and
vehicles [5, 6]. Despite the promising performance of
LIBs, concerns persist regarding their drawbacks,
including low-energy storage capacity, rising costs,
toxicity, and so on [5, 7-9]. Consequently, researchers
have increasingly turned their attention to several new
metal-ion Dbatteries, like potassium-ion (PIBs),
sodium-ion (SIBs), and magnesium-ion (MgIBs)
batteries, due to their lower cost and widespread
availability [10-14]. However, the selection of suitable
anode materials for these ion batteries remains a
challenge.

Typically, graphite is employed as lithium-
ion battery (LIB) anodes material due to its safety and
low cost, but it leads to a low lithium capacity (~370
mAgh') 15. Additionally, other materials have been
explored for application as anode electrodes in ion
batteries. For example, graphene and transition metal
oxides have been suggested as possible anodes for
LIBs [16-18]. Moreover, in 2018, Sun and colleagues

19 studied phosphorene as a potential electrode
material for MgIBs and obtained an average Ve of
0.83 V. Xiao et al. 1 proposed graphene-like single-
layer BSi as a potential anode material for both LIBs
and MgIBs due to its excellent conductivity and other
remarkable qualities.

Recently, it has been discovered that BN
nanostructures possess outstanding qualities such as a
broad band gap, a small dielectric constant, resistance
to oxidation, and high temperature stability [20-23].
They have been successfully utilized in various
applications including LIBs 24. Among BN
nanomaterials, the B»4N»4 cage stands out as one of the
most stable BN clusters, exhibiting excellent
properties akin to those of bulk BN materials [25, 26].
In 2003, the B24N»4 cage was synthesized by Oku ef al
27, who described it as composed of hexagonal,
tetragonal, and octagonal rings adhering to the isolated
tetragonal rule. The properties and applications of the
B24N2s cage as sensors, catalysts, and hydrogen
storage materials have been extensively investigated
[28-31]. For instance, Al-doped B24No4 cage has been
reported to function as a potential sensor for lomustine
drug detection 32. Moreover, Ganguly suggested that
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synthesized B24N»4 cage, with a hydrogen-gas storage
capacity of 5.13 wt%, could serve as a promising
hydrogen storage material 33.

However, there has been limited research on
the utilization of B24N»4 cage in ion batteries as an
anode material. This paper, through DFT
computations, pioneers in investigating the potential
applications of B24Ny4 cage as an anode material for
LIBs, SIBs, PIBs, and MgIBs, focusing on parameters
including adsorption energy, theoretical capacity,
electrical conductivity, Veen, and more. This study has
the potential to broaden the scope of applications for
B24No4 cage.

Computational Methods

All calculations were conducted using the
DMol®* module of the Materials Studio molecular
software package [34-36]. The generalized gradient
approximation (GGA) with the PBE exchange
function was adopted to account for electron-electron
interactions 37. To consider the influence of van der
Waals forces, the DFT-D correction method was
incorporated into the calculations 38. The binary
polarization function (DNP) and semi-empirical
pseudopotentials (DSPPs) with relativistic correction
were utilized for the basis set and kernel electronic
method. Convergence criteria of 1x10~° Ha for energy
change, 510 nm for maximum displacement, and
0.02 Ha-nm™' for maximum interaction force were
applied.

To calculate the adsorption energy (Eaq) for
the interaction of M/MY" (M=Li, Na, K, Mg; and q=2
for Mg; q=1 for Li, Na, K) with the B,4N»4 cage, the
following equation was utilized:

Ead = E EM/MCI" (1)

T TMIMY@By,Ny, - EBZANZA -

where ¢ represents the energy of BaiNo cage.

£ denotes the energy of a single M atom or M

M/MT*
cation. g represents the energy of a B2aNoay
M/M®* @B,y Ny

cage that has an attached M atom or M cation.

The HOMO-LUMO energy gap (E,) was

defined as:
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Ey = ELumo —Evomo @)

In which ELumo and Enomo represent the
energies of the LUMO and HOMO levels. And the
change of E, was calculated through the following
formula:

AE, = (E, —E,)/E, |x100 3)

In which Ep and E, are the corresponding
complicated and pure values, respectively. This value
reveals the electronic sensitivity of M/M®" adsorption
on B2sNos cage.

Results and Discussion
Structural optimization

The optimized structure of the BNy4 cage
and its DOS plot are shown in Fig. 1, consistent with
the empirically observed symmetry and geometry 27.
Oku et al. found that the B24Nj4 cage comprises six
octagons, twelve tetragons, and eight hexagons with O
symmetry 27. And there are three distinct kinds of B-
N bonds in B24No4 cage that are linked by rings of four
and six members ([4-6]), four and eight members ([4-
8]), and, six and eight members ([6-8]). The lengths of
these bonds are about 1.50, 1.47, and 1.43 A,
respectively. In addition, three different types of NBN
or BNB angles correlating to octagon, tetragon, and
hexagon may be recognized. The angles in B-N-B and
N-B-N are 130.19°and 136.04°for octagon, 81.91°and
97.25°for tetragon, and 114.81°and 123.02°for
hexagon. Electronically, the calculations suggest that
the E; of B24No4 cage is around 4.73 eV, with LUMO
and HOMO energies are -2.08 and -6.81eV,
respectively (Table-1). Studies have shown that B24No4
cage is one of the most stable B-N materials and has
structural dynamic stability [39-41].
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Table-1: Adsorption energies of M/M" on the octagonal ring of B2sNos cage (Eaq), the HOMO, LUMO and
energy gap (E,) for various compounds. Energies are in eV. AE, denotes the £, change of the fullerene after atom
or cation adsorption. The total energy changes (AE., €V) and cell voltages (Veen, V) of batteries are shown.

system Eaa Enomo Evrumo E; %AEg AEcen Veen
B24N2s - -6.81 -2.08 4.73 — — —
B24Naa/Li -0.61 -6.6 -2.21 4.39 -7.19 -1.33 1.33
B24Naa/Li* -1.93 -9.66 -5.28 4.38 7.4
B24N2s/Na -0.31 -6.62 -2.16 4.46 -5.71 -1.12 1.11
B2sN2s/Na* -1.43 -9.48 -5.06 4.42 -6.55
B2sN24/K -0.78 -6.34 -1.94 4.4 -6.98 -0.18 0.18
B24N24/K* -0.96 -9.29 -4.85 4.44 -6.13
B24N24/Mg -0.10 -4.36 -2.08 2.28 -51.80 -6.91 3.46
B2sN2s/Mg?* -7.01 -12.52 -10.69 1.83 -61.31

Li, Na, K, and Mg adsorption on B24N>»4 cage

Several structures of metal (M, M=Li, Na, K,
Mg) atom adsorption on the BN cage were
investigated. The M atoms were positioned on the N or B
atoms of the cage, on B-N bonds from distinct positions,
and on various rings. After structural optimization, three
possible adsorption sites were discovered, as shown in
Fig. 2, which exhibited local minima on tetragonal,
hexagonal, and octagonal rings.

Subsequently, the adsorption of M on the
octagonal ring was explored. In this conFiguration, the
adsorption energies were determined to be -0.61, -0.31, -
0.78, and -0.10 eV for Li@B2Nxu, Na@BNo,
K@B24N24, and Mg@B14No4, respectively. The negative
values of the adsorption energies (Faq) imply that the
complexes possess significant stability and can
effectively inhibit dendrite formation on the electrode
surfaces. It was also observed that the local structural
changes caused by the adsorption of the B,4N»4 cage were
minimal. In other words, the B,4N24 cage can maintain its
original structure following the adsorption of M atoms,
which is an important characteristic for an electrode
material.

Additionally, PDOS plots for M-adsorbed
B24No4 cage were generated, as pictured in Fig. 3. These
plots reveal a significant overlap between the M atom and
BN cage states around the Fermi level, indicating
better stability and stronger atom adsorption on the
octagonal ring of the B24No4 cage.

Li*, Na*, K, and Mg’>" adsorption on B>4N24 cage

To investigate the adsorption of metal cations
(MY, =2 for Mg; g=1 for Li, Na, and K) on the B24Na4
cage, various potential adsorption sites were examined,
leading to the discovery of three local minima, similar to
the adsorption of M atoms. The tetragonal, hexagonal,
and octagonal rings all exhibited high structural stability

when MY were absorbed onto them. In this study, the
adsorption of MY" on the octagonal ring was prioritized.

The absorption of M%" on the octagonal ring of
the BNy cage is depicted in Fig. 2. The adsorption
energies of Li*, Na*, and K" on the BxNy4 cage are
approximately -1.93, -1.43, and -0.96 eV, respectively
(Table-1), slightly higher than those of Li, Na, and K
atoms. In contrast, the E,q of Mg?" is significantly higher
than that of Mg atoms. This suggests that due to the
strong charge concentration of Mg?", there is a substantial
interaction between Mg?" and the B24Ny4 cage, whereas
the interaction with Mg atoms is more modest.
Additionally, it indicates that the structure exhibits
greater stability following Mg?" cation adsorption,
making the development of dendrites on the electrode
surface more challenging.

To evaluate how cation adsorption affects the
electrical properties of the B,4No4 cage, the results of the
HOMO/LUMO energy gap (Eg) were calculated, as
shown in Table-1. In these complexes, after Mg?* cation
adsorption, the E, of the BysN4 cage is significantly
reduced (by approximately 61.31%) compared to Li”,
Na*, and K* adsorption (approximately 7.40%, 6.55%,
and 6.13%, respectively). It is well-known that the
conductivity of a material is mostly determined by the Fy;
at a given temperature, smaller £, values may result in
higher conductance [42, 43]. Their relationship can be
described by the formula:

E
o = AT ?exp(-—2 4
p( 2KBT) 4)
Where o , 4, T, and K represent the electrical

conductivity, a constant, the working temperature, and
the Boltzmann constant, respectively. Therefore, after the
adsorption of these cations, the B24N»4 cage undergoes a
transition from being an insulator to a semiconductor,
significantly increasing its conductivity. Enhanced
conductivity can not only reduce the internal resistance
of the battery but also minimize the generation of Joule
heat during charging and discharging, thereby
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significantly influencing battery performance. According  B4No4 cage exhibits superior conductivity as the negative
to Table-1, the E,; value of the B24N4 cage decreases the  pole of MgIBs, implying its potential utility as an anode
most after the adsorption of Mg?" cations. Hence, the — material in MgIBs.

Tetragon Hexagon Octagon

Fig.2: Three possible adsorption sites of M/M9" on B,4Na4 cage.
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Fig. 3: Partial density of states (PDOS) plots of B24Na4 system after Li, Na, K, and Mg atom adsorption.
Theoretical capacity of B24N»4 cage
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Next, the theoretical capacity of the B24Nog
cage was determined, which is a key consideration in
assessing battery performance. The theoretical
capacity can be determined by employing the
following expression.

B2y Nos

&)

Where nmax, ¢, F (Faraday constant, 26801 mAh/mol),
and Mpo4no4 Tepresent the largest number of absorbed
M atoms, valence electron number, Faraday constant,
and molar mass of the B24N»4 cage, respectively. Based
on the geometry of the B24Ny4 cage, it is predicted that
up to six atoms can be simultaneously absorbed on the
B24Na4 cage. Therefore, the theoretical capacities of
the B24N»4 cage for Li, Na, K, and Mg are 268 and 536
mAhg'l (based on Li6Bz4N24, Na6B24N24, K6B24N24,
and MgeB2N24), respectively. In comparison, the
theoretical Mg capacity is considerably greater than
that of g-C3N4 (319.2 mAhg™!) 44 and close to that of
CoN (588.4 mAhg') 44. Conversely, the theoretical Li,
Na, and K capacities of the BysNys cage are lower
compared to some anode materials. For instance, the
theoretical Li capacity of the B,sNa4 cage is smaller
than that of TisC, (447.8 mAhg™') 45 and AIN (500.8
mAhg1)46. The theoretical Na capacity of the B24No4
cage is significantly lower than that of B>C (1596
mAhg!) 47 and graphene (1117 mAhg™) 48. Thus, the
B24Na4 cage exhibits potential as an electrode material
for MgIBs.

Cell voltage

Voltage is a critical parameter for assessing
battery performance, as it directly impacts energy
density and specific energy storage capacity. Utilizing
the B2aNys cage as an anode in batteries involves
defining reaction equations for both the anode and
cathode:

M@B,,N,, <M @B,N,, +ge (anode) M +qe” < M(cathode)

(6)
The overall reaction can be expressed as:

MT+M@ Bz4Nz4 =>MT @ Bz4Nz4 +M +AGceII (7

The Ven can be determined using the
following equation:
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V,, =-AG,, | 7F (8)

cell

AG,, =AE, +PAV,_, —TAS,, 9)

cell

Volume and entropy have minimal impact on
Veen, typically less than 0.01 V 49. Therefore,
excluding the terms PAVer PAV,, and TASc the
equation simplifies to:

AE,, U AG,, =E(M)+E(M @ BNy, ) — E(MT)-EM@ B, Ny,)

cell
(10)

According to this equation, AE, becomes
more negative and larger as the interaction between
MY and the B24Na4 cage strengthens. A high Vee may
result from strong MY adsorption and weak M
adsorption on the B2sNys cage. Specifically, the
adsorption of Mg?" on the B24Na4 cage is significantly
greater in Mg-ion battery compared to Mg atoms,
potentially leading to a higher V. Calculations
suggest that the AE_, and Ve values are expected to
be approximately -6.91 eV and 3.46 V, respectively.
This Veen value, while lower than B24O»4 nanocage
(4.45 V) 50, is higher than many of the values
mentioned in recent articles in Table-2. The
comparisons show the potential use of B24N24 cage as
an anode material for MgIBs.

Table-2: Cell voltage (Veen) values for several anode

materials.

Anode materials Veen (V) Ref
B24N24 nanocage 3.46 This work
B24024 nanocage 4.45 50
C24N24 fullerene 2.74 53

Coo fullerene 3.10 13

Phosphorene 0.83 19
B12N12 nanocage 2.70 54
Bi12P12 nanocage 3.30 54

C24 nanocage 3.00 54

Table-3: Adsorption of M/M9" on the tetragonal ring

of B24Ny4 cage.
system Eaa  Enomo Ewvvmo Eg  %AE; AEcn  Veen
B24N2s — -6.81 -2.08 473 — — —
B2sNaa/Li -0.52 -6.5 -261 389 -17.76 -1.03 1.03
BauNos/Li*  -1.56  -9.39 -551 388 -17.97

B24N2s/Na -0.3 -6.6 -2.44 416 -1205 -0.79 0.79
BaNas/Na*  -1.09  -9.22 -5.63 359 -241
B24N24/K -0.61 -6.33 -198 435 -8.03 -0.12 0.12

BuNow/K*  -0.73  -9.07 -490 417 -11.84
B2N24/Mg  -0.11  -4.39 -210 229 -5159 -6.32 3.12
B2N2s/Mg**  -6.34 -12.36 -11.98 0.38 -91.97

Table-4: Adsorption of M/M?" on the hexagonal ring
of B24Noy cage.
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system Eaa Enovo  Evwvmo  E;  %AE; AEcar Veen
B24N24 — -6.81 -2.08 473 — — —

B2uNa4/Li  -056  -6.6 -217 443 -634 -1.30 130
B2aNaa/Li* -1.86  -9.53 525 428 -951
B2N24/Na  -0.32 -6.62 -223 439 -719  -1.02 1.02
B2N24/Na*  -1.33  -9.35 -5.27  4.08 -13.74
B24N24/K -0.69 -6.33 -1.80 453 -423 -0.20 0.20
B2N2o/K*  -0.89  -9.18 -4.78 44  -6.98
B2uN24/Mg  -0.11 -4.35 -210 225 -5243 -6.75 3.38
B2N2s/Mg*  -6.86  -12.32  -11.30 1.02 -78.44

However, when the B24No4 cage serves as an
anode material for LIBs, SIBs, and PIBs, it's worth
noting that the interaction of Li*, Na*, and K" is less
significant compared to Li, Na, and K atoms,
potentially resulting in lower Ve values. As expected,
computed AE,, and Ve values are -1.33, -1.12, -
0.18 eV and 1.33, 1.11, 0.18 V, respectively. For
comparison, B»4No4 cage produce lower Ve values in
LIBs, SIBs, and PIBs than some other anode materials.
For example, in LIBs, the Ve generated by the B2sNo4
cage is lower than that of BNG/F- (3.98 V), BNG/CI
(1.54 V), BNG/Br (1.62 V)51, and COF-1 covalent
organic framework (6Li/Li*, 3.34 V)52, while in PIBs,
it is smaller than that of (5,0) AINNT (0.90 V), AIN
sheet (1.11 V)10, and N-CNC (1.24 V)5. Thus, the
B24Na4 cage may not be suitable as electrode material
for LIBs, SIBs, and PIBs compared to MgIBs.

Furthermore, the adsorption of M/M%" on
BNy cage tetragonal and hexagonal rings was
investigated. Results show that Ve obtained with
B14N24 cage as the electrode for MgIBs are the highest,
regardless of whether M/M9" is absorbed on the
tetragonal or hexagonal ring, reaching 3.12 and 3.38 V,
respectively. Additionally, B2sN2s cage conductivity
and other features in MgIBs are superior to those in
other ion batteries. In conclusion, B24sN24 cage emerges
as a potential anode material for MgIBs.

Conclusions

The adsorption of M/M?" on the B24Na4 cage
was explored to assess its possible application as an
anode material in LIBs, SIBs, PIBs, and MgIBs. It was
observed that when M/MY" was absorbed on the
octagonal ring, the interaction between Mg>" and the
B24N24 cage was much stronger compared to that with
Mg atom. In contrast, the interaction between Li*, Na*,
K™ ions and the B24N24 cage was not as pronounced as
that with Mg ions. This weak contact with Li*, Na*,
and K" ions led to lower Veen for LIBs (1.33 V), SIBs
(1.11 V), and PIBs (0.18 V) compared to MgIBs (3.46
V). Additionally, the storage capacity of MgIBs was
found to be 536 mAhg™!, which is higher than that of
LIBs, SIBs, and PIBs, which have a value of 268
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mAgh’!. Similar trends were observed when M/M%
was absorbed on the tetragonal or hexagonal ring of
the B24N24 cage. The B24No4 cage exhibited higher Veen
for MgIBs, reaching 3.12 and 3.38 V, respectively,
when used as the electrode material. Furthermore, the
conductivity and other relevant properties of the
B24N2s cage were superior to those of other ion
batteries. These findings collectively suggest that the
B2sNos cage is a promising electrode material for
MgIBs.
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