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Abstract

We propose a new stable three-dimensional (3D) porous and metallic boron nitride 

anode material, named h-B10N12, with good ductility for the sodium-ion battery (SIB). 

Based on first-principles calculations and tight-binding model, we demonstrate that the 

metallicity originates from the synergistic contribution of the p-orbital of the sp2-

hybridized B and N atoms, while the ductility is due to the unique configurations of B-

B and N-N dimers in the structure. More importantly, this boron nitride allotrope 

exhibits high reversible capacity of 582.21 mAhg-1 in gravimetric and 663.72 mAhcm-

3 in volumetric density, fast Na-ion transport dynamics with low energy barriers ranging 

from 0.06 to 0.12 eV, a small volume change of 2.77%, and a long cycle-life. This study 

not only expands the family of conventional boron nitride materials with new features, 

but also enriches the family of anode materials for SIBs with high-performance.
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1. Introduction

Fast-charging batteries for electric vehicles up to 80% capacity within 15 minutes 

is targeted by the US Advanced Battery Consortium. To achieve this goal, both 

ionically and electronically conductive anode materials are highly desirable [1,2]. 

Consequently, in recent years, great efforts have been devoted to design and synthesize 

porous and metallic anode materials composed of abundant, lightweight elements such 

as carbon, boron, and phosphorus. For instance, 3D conducting networks [3,4] 

composed of carbon nanotubes and nanofibers have been synthesized, showing rapid 

transport of electrons and Li ions in lithium-ion batteries (LIBs). A 3D metallic carbon 

allotrope Hex-C18 [5] was theoretically designed that possesses a maximum specific 

capacity of 496 mAh/g when served as an anode material for LIBs. 3D porous and 

metallic carbon Hex-C558 [6] and Tet-C52 [7], respectively composed of 5-5-8 

nanoribbons and biphenylene-nanoribbons, exhibit high specific capacity of 591 mAhg-

1 and 458 mAhg-1 with small volume expansion of 2.4% and 1.5%, respectively, for 

LIB anode materials. In addition to these electronically conducting porous carbon 

systems, boron-based conducting anodes for LIBs have also been explored for high 

capacity, including the B4 cluster-based H-boron [8] and borophene-nanoribbon-based 

3D-β12-borophene [9].

On the other hand, sodium-ion batteries (SIBs) have also attracted much attention 

recently, due to its abundance, cost-effectiveness, and high operating safety. However, 

the larger ionic radius of Na+ compared to Li+ makes most of LIB anode materials 

unsuitable for SIBs [10]. Nowadays, many 2D materials have been explored for serving 
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as SIB anode materials such as experimentally synthesized F-BNNS [11] and bilayer 

TZACOF [12], and theoretically rationally designed p-BP [13], while 3D anode 

materials are more practical in application. Hence, this has prompted numerous studies, 

particularly on 3D porous metallic carbon for SIB anodes. For instance, 3D porous and 

metallic honeycomb carbon hC28 [14] was found to be a promising SIB anode 

candidate with a theoretical specific capacity of 717 mAhg-1. 3D porous and metallic 

penta-oC36 [15] consisting of penta-graphene nanoribbons was reported to show an 

ultralow diffusion energy barrier of 0.01 eV for Na ions. Recently, 3D porous and 

metallic HexC28 and HexC46 [16] composed of armchair biphenylene-nanoribbon 

with different widths are proposed for SIBs with high capacities.

Because of their thermal stability and chemical inertness, boron nitrides, composed 

of the nearest neighbors of carbon element in the periodic table, exhibit significant 

advantages over carbon materials for applications in electronic devices [17], 

optoelectronic devices [18], and extremely harsh environments [19]. We proposed the 

first 3D metallic BN in 2013 [20]. Since then, several 3D metallic boron nitrides have 

been theoretically identified, including zeolite-like microporous (P-6M2)-BN and 

(IMM2)-BN [21], h-BN nanoribbon-based HCBN-1 and HCBN-2 [22], M-BN [23], 

BxNx+1 [24], penta-B4N7 [25]. However, there are no reports so far on the study of using 

3D metallic boron nitrides as the anode materials for SIBs, although some 

semiconducting porous boron nitrides for metal-ion batteries have been recently 

explored [26,27]. In addition, the ductility of anode materials is important to maintain 

good contact with the electrolyte interface and extend the cycling lifespan. However, 
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most of the reported metallic boron nitrides are brittle [20,23-26]. Therefore, for 

bridging this gap, we propose a new 3D boron nitride allotrope that integrates 

advantages of metallicity, ductility and porosity as a promising anode material for SIBs.

2. Computational Methods

Our calculations are on the basis of the density functional theory (DFT) as coded 

in the Vienna ab initio simulation package (VASP) [28]. Ion-electron interactions are 

treated using the projector augmented wave (PAW) pseudopotential [29,30] with a 

kinetic energy cutoff of 600 eV. The exchange-correlation interactions of electrons are 

accounted for by using the generalized gradient approximation (GGA) [31] and the 

Perdew-Burke-Ernzerhof (PBE) functional [32]. For calculating the electronic band 

structure, a more accurate Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional [33,34] 

is used. The convergence thresholds for total energy and force are set as 10-8 eV and 

10-6 eVÅ-1, respectively. The first Brillouin zone is represented by using a 3×3×7 k-

mesh within the Monkhorst-Pack scheme [35]. To check the dynamic stability, the 

phonon frequencies with the same convergence criteria are calculated utilizing the finite 

displacement method [36] embedded in the phonopy package [37]. To verify the 

thermal stability, ab initio molecular dynamics (AIMD) [38] simulations are carried out 

in the frame of the canonical ensemble by Nose-Hoover thermostat [39] controlling the 

temperature. The energy-strain method [40] is used to obtain elastic constants that 

ensures mechanical stability. To explore the origin of metallicity, a tight-binding (TB) 

Hamiltonian is generated by projecting the Bloch states onto the maximally localized 
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Wannier functions using the WANNIER90 package [41]. The effect of van der Waals 

interactions on the adsorption and diffusion behavior of Na ions and the electrochemical 

properties of the anode are studied with the PBE-D2 functional [42]. The climbing-

image nudged elastic band (CI-NEB) method [43] is utilized for the calculations of 

diffusion energy barrier profiles.

3. Results and discussion

3.1 Structure and stability

Our design starts from using the ground state of pentagonal boron nitride molecules 

[44] as the building block. Through the analysis of previous related research work, we 

find that sp3-hybridized B atoms are more suitable for cross-linkers rather than sp3-

hybridized N, like in the cases of 2D penta-BN, penta-BN2, penta-B3N3, and 3D penta-

B4N7 [25,45,46]. Thus, we choose the ground state of pentagonal B3N2 molecule and 

utilize the sp3-hybridized B atoms as the cross-linker to balance the ratio of B and N 

elements for stabilizing the 3D architecture. The corresponding building blocks and 

assembling process are schematically plotted in Fig. 1(a). The constructed 3D structure 

contains 10 B and 12 N atoms in its optimized unit cell with the No. 191 space group 

P6/mmm, belonging to the hexagonal lattice symmetry, thus termed h-B10N12, as shown 

in Fig. 1(b). The optimized lattice constants are a = b = 11.19 Å, c = 3.72 Å, α = β = 

90°, and γ = 120°. In this structure, N atoms are on the equivalent Wyckoff position of 

12o (0.179586, 0.589793, 0.182614) while B atoms occupy two chemically 

nonequivalent Wyckoff positions, which are 6m (0.086534, 0.543267, 0.5) and 4h 
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(0.333333, 0.666667, 0.292326), respectively. Due to the porosity and the 1D 

hexagonal channels with 12.9 Å diameter along the axial direction, h-B10N12 possesses 

a low mass density of 1.14 g/cm3, which is comparable to that of ultra-light super-

(BN)16 (0.78 g/cm3) [47] and porous 3D-B2N2 (1.39 g/cm3) [27].

Figure 1. (a) Schematic diagram of the building block and assembly process of h-

B10N12 with the sp3-hybridized B atoms (in yellow) as the cross-linkers. (b) 

Orthographic and perspective views of the optimized h-B10N12.

Next, we examine the thermodynamic, dynamical, thermal, and mechanical 

stability of h-B10N12. We propose a synthesis pathway shown in Fig. S1 in the 

Supplementary Information (SI), similar to that used for the successful synthesis of 3D 

graphene nanoribbons framework [48] via the bottom-up molecular assembly. To check 

the energetics of the formation process, we calculate the change of total free energy in 
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assembling, and find that the energy cost of forming trifoliate-unit via sp3-hybridizing 

B is 0.27 eV/atom, while the formation of new N-N and B-B bond releases -0.48 

eV/atom in total. In addition, to check the thermodynamic stability, we also calculate 

the formation energy by considering the potential energy of each individual atom in its 

most stable conditions, which is found to be -0.033 eV/atom. The negative value 

implies that the synthesis of h-B10N12 is energetically favorable. To examine its 

dynamical stability, we calculate the phonon band spectrum using a 1×1×3 supercell 

with the aim of minimizing the constraint of the periodic boundary conditions. As 

shown in Fig. 2(a), there are no any imaginary frequencies existing in the entire first 

Brillouin zone, proving the dynamical stability of h-B10N12. To check the thermal 

stability, we conduct the AIMD simulations for 10 ps heating time by using 1 fs as the 

time step within the temperature ranging from 300 K to 1000 K at an interval of 100 K. 

The calculated total potential energies and the geometry at the end of the simulation at 

1000 K are presented in Fig. 2(b), showing that the potential energy fluctuates around 

a certain constant value in the entire process, while the atomic configuration keeps 

nearly intact, implying that h-B10N12 possesses thermal stability up to 1000 K.

The mechanical stability of h-B10N12 is investigated based on the calculation of its 

elastic stiffness matrix. For a hexagonal crystal lattice, the five independent elastic 

constants are calculated to be C11 = 91.10 GPa, C12 = 81.94 GPa, C13 = 35.18 GPa, C33 

= 423.32 GPa, and C44 = 49.70 GPa, which meet the corresponding Born-Huang criteria 

[49], namely, 2
11 12 13 33 11 12 44,   2 ( ),   0,C C C C C C C> < + > indicating that h-B10N12 is 

mechanically stable.
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Figure 2. (a) Phonon spectrum, and (b) variation of the total potential energy with the 

simulation time at 1000 K, and the final geometry shown in the insets of h-B10N12. (c) 

3D schematic diagram of mechanical properties including bulk modulus B, Young’s 

modulus E, and shear modulus G for h-B10N12.

3.2 Mechanical and electronic properties

The mechanical properties of h-B10N12 are further studied by calculating its bulk 

modulus B, shear modulus G, and Poisson’s ratio ν within the framework of the Voigt-

Reuss-Hill approximation [50,51]. From the calculated results and related comparisons 

presented in Table 1, one can see that h-B10N12’s capability of resisting external stress 

and deformation is comparable to some previously studied hexagonal carbon allotropes, 

exhibiting good mechanical performance. Next, we explore the mechanical anisotropy 

by calculating the Young’s moduli E in different crystal directions based on the 

following equation [52]:

2 2 4 2 2
11 3 33 3 13 44 3 3

1( ) .
(1 ) (2 )(1 )

E
s n s n s s n n

=
- + + + -

n               (1)

Here, 11s , 13s , 33s  and 44s  are the non-zero constants in the corresponding elastic 

compliance matrix, and 1 2 3( , , )= n n nn  is the unit vector along a specific stretching 
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direction. The calculated Young’s modulus in the radial direction is 17.36 GPa, much 

lower than the value of 409.00 GPa in the axial direction, suggesting that h-B10N12 has 

high mechanical anisotropy. This is further confirmed by the plotted 3D schematic 

diagram for the bulk modulus B and shear modulus G, as shown in Fig. 2(c). In addition, 

we further evaluate the ductility of this structure using the Pugh’s criteria [53] that 

classify materials to be ductile when their Poisson’s ratio ν > 0.26 and the ratio of shear 

modulus to bulk modulus G/B < 0.57. The calculated results are ν = 0.35 and G/B = 

0.34, implying the good ductility of this system. Note that the exhibited intrinsic 

ductility is rarely seen in boron nitride materials (see Table S1). The ductility of h-

B10N12 can be attributed to the orderly arrangement of N-N and B-B dimers. Different 

from many previous reported 3D boron nitrides containing a series of B-N dimers 

[20,54], in this structure B and N atoms are separated into two types of dimers where 

the N-N dimers with strong bonding align in the axial direction to provide the strength 

while the sp2-hybridized B-B dimers along the radial directions offer the flexibility, as 

depicted in Fig. 1(a). Therefore, the effective synergy of vertically arranged N-N and 

B-B dimers endows the structure with both high strength and intrinsic ductility.
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Table 1. Calculated bulk modulus B (in GPa), shear modulus G (in GPa), Poisson’s 

ratio ν, Young’s modulus E(n) (in GPa) for h-B10N12 compared with some other 

hexagonal carbon systems.

h-B10N12 Hex-C568 [55] Hex-C57 [56]

BH 90.8 92.1 101.2

GH 30.7 27.7 32.4

νH 0.35 0.36 0.36

E(a)= E(b) 17.4 4.0 10.7

E(c) 409.0 377.6 377.8

To study the electronic properties of h-B10N12, we first calculate the electronic band 

structure at the HSE06 level, and plot the results in Fig. 3(a), which shows that the 

partially occupied bands pass through the Fermi energy level along the Γ-A path, 

suggesting that h-B10N12 is intrinsically metallic. The partial density of states (PDOS) 

of the s- and p-orbitals of B and N atoms indicate that the intrinsic metallicity originates 

from a combination of the p-orbitals of sp2-hybridized B and N atoms. Different from 

the individual contribution of sp2-hybridized B or N atoms in the previously reported 

cases like T-B3N3 [20] or penta-B4N7 [25], the pentagonal boron nitride rings in this 

structure combines the contribution of sp2-hybridized B and N together, further 

enhancing its metallicity. In addition, we also construct a tight binding (TB) model with 

the maximally localized Wannier functions [41] by projecting the p-orbitals of sp2-

hybridized B and N atoms with the Hamiltonian as given in the following:

† †
0 ( . .).i i ij i j

i ij
H c c t c c H ce= + +å å                     (2)
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Here, †
ic , ic , 0e  and ijt  are for the electronic creation and annihilation operators 

of the p-orbital at site i, the on-site energy and the hopping integral for describing 

electrons moving from one site to another, respectively. The results are presented in 

Fig. 3(a), which shows that the main feature of the electronic energy band near the 

Fermi level agrees well with that calculated from our DFT method, further validating 

the metallicity originating from the combined contributions of the p-orbitals of the sp2-

hybridized B and N atoms. This is different for other metallic boron nitrides where 

metallicity either originates from B atoms (T-B3N3 [20]) or from N atoms (penta-B4N7 

[25]). Furthermore, we study the electron localization function (ELF) [57] of h-B10N12 

for visualizing the detailed electronic distribution and internal conducting channels. As 

plotted in Fig. 3(b), the charge density distributions in the two selected (1120)  and 

(1100)  lattice planes show that the delocalized electrons form conducting channels 

along the [0001] direction result from the combined contributions of the p-orbitals of 

sp2-hybridized B and N atoms.

Figure 3. (a) Electronic band structures of h-B10N12 at the HSE06 level and that 

obtained from the TB model, and PDOS at the HSE06 level for the s and p orbitals of 

different hybridized B and N atoms. (b) ELF distributions on the selected (1120)  and 
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(1100) of h-B10N12.

3.3 Application as an SIB anode material

Note that h-B10N12 possesses all the desired properties for an outstanding anode 

material of SIBs, where the geometrical porosity can provide the needed storage space, 

the mechanical ductility can provide good contact with the solid electrolyte, and 

intrinsic metallicity can facilitate rate performance. Therefore, we carry out a thorough 

study of the electrochemical properties including maximal theoretical reversible 

capacity, average open-circuit voltage, diffusion energy barrier, and volume change 

during charge-discharge process.

To explore preferable adsorption sites for Na atoms on the h-B10N12 substrate, we 

first introduce Na atoms at various sites in the 1×1×3 supercell of h-B10N12 so as to 

avoid the interaction between neighboring atoms. As presented in Fig. 4(a), three types 

of nonequivalent sites are taken into consideration, including the bonds’ bridge site (B), 

the atomic rings’ hollow site (H), and the atoms’ top site (T). After full geometry 

optimization of all these adsorption configurations, we find that the Na atoms at 

different candidate sites move to three preferred adsorption sites, labeled as B1, H1, 

and H3 in Fig. 4(a). To further study the binding strength, we analyze the binding 

energy Eb defined as

10 12 10 12
( ) / .

xb Na hB N hB N NaE E E x xm-= - -                    (3)

Here, 
10 12xNa hB NE -  (

10 12hB NE ), mNa  and x  are the total energy of the substrate with 

(without) the absorbed Na atoms, the energy of a Na atom in the bulk phase, and the 
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total number of Na atoms in the supercell, respectively. The corresponding values for 

B1, H1, and H3 adsorption sites are -0.99, -0.90, and -0.92 eV, respectively, implying 

that the B1 is energetically the most favorable adsorption site for a single Na atom. 

Next, we carry out the Bader charge analysis [58] to evaluate the charge transfer from 

the Na atom to the h-B10N12 substrate upon adsorption. The calculated result is 0.88 |e|, 

implying that the Na’s ionization process is nearly complete which benefits the battery 

operation.

The maximal theoretical capacity of h-B10N12 is calculated by gradually 

intercalating Na atoms on these favorable adsorption sites and its equivalents. 

Meanwhile, we calculate the energy of the corresponding system until reaching an 

unfavorable state. In addition, we distribute the Na atoms following the geometrical 

symmetry and keep a distance between neighboring ones to avoid clustering. The 

perspective and orthographic views of final fully adsorbed configuration with one unit 

cell accommodating 6 Na atoms are presented in Fig. 4(b) and (c). The corresponding 

maximum theoretical gravimetric (CM) and volumetric capacity (CV) are evaluated 

based on the following formulae:

, .m m
M V

n F n FC C
M V

= =                          (4)

Here, nm is for the maximum adsorption number of Na ions, F for the Faraday constant 

with a value of 26.8 Ah/mol, M and V for the mass and volume of the h-B10N12 substrate, 

respectively. The gravimetric and volumetric capacity are found to be 582.21 mAhg-1 

and 663.72 mAhcm-3, respectively, far exceeding that of many experimentally 

synthesized traditional metal-ion battery anode materials such as graphite (35 mAhg-1) 
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[59] and hard carbon (230 mAhg-1) [60]. Such maximal theoretical capacity is 

comparable to many previously reported 3D boron nitride SIB anodes such as lz1-BN 

(539.94 mAhg-1) [26] and 3D-B2N2 (599.90 mAhg-1) [27], and higher than that of some 

boron-nitride-based 3D light SIB anodes including h-BC2N (549 mAhg-1) [61] and 3D-

Si2BN (341.61 mAhg-1) [62].

To assess the rate capability, we examine the diffusion energy barriers of all the 

potential ionic migration paths under low and high Na concentration by utilizing the 

CI-NEB method [43]. Considering the symmetry of the substrate structure and 

distribution of adsorption sites, two potential Na ions’ migration paths are found for 

diffusion as plotted in Fig. 4(b) and (c). One of these is along the 1D axial pathway, the 

other is the exchange between neighboring conducting channels. Thus, all diffusion 

results can be achieved by combining these two migration paths. The Na-ion diffusion 

is significantly affected by the porosity of h-B10N12, where the 1D channels along the 

axial direction serve as “path 1” (in purple), allowing direct transport of Na ions, while 

the large pores with diameter of 12.9 Å form “path 2” (in red) for fast diffusion of Na 

ions, as shown in Fig. 4(b) and (c). As the corresponding profiles plotted in Fig. 4(d), 

the calculated energy barriers range from 0.06 to 0.12 eV, which is comparable to that 

of 3D-B2N2 (0.04-0.08 eV) [27] and much lower than that of lz1-BN (0.27 eV) [26], h-

BC2N (0.35 eV) [61], and 3D-Si2BN (0.19-0.21 eV) [62]. According to the explanation 

of the Arrhenius equation [63], exp( ),barrier

B

ED
k T

µ -  the lower energy barrier leads to 

the higher diffusion constant D. Here, Ebarrier, kB, and T refers to the energy barrier, 

Boltzmann constant, and temperature, respectively. Hence, the system exhibits fast 
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kinetics of Na-ion migration and also possesses high ionic conductivity. The results of 

diffusion energy barriers in the high concentration are presented in Fig. S2.

Figure 4. (a) Potential nonequivalent single Na atom adsorption sites. (b) Perspective 

and (c) orthographic views of the full adsorption configuration with potential diffusion 

pathways for Na-ions in h-B10N12, and (d) corresponding diffusion energy barriers.

To further determine the specific configuration of intermediate states under 

different concentrations, we analyze the half-cell reaction versus Na/Na+:

2 1 2 1 1 10 12 2 10 12( ) ( ) .x xx x Na x x e Na hB N Na hB N+ -- + - + - « -        (5)

By employing Ewald energy method described in pymatgen [64,65], we produce five 

groups of nonequivalent configurations with the Na-ion concentrations ranging from x 

= 0.167 to 0.833 with the interval of 0.167. Then, after full optimization of all the 

possible structures and the comparison of the corresponding total energies, we choose 

the energetically most favorable configuration as the ground state structure for each 
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concentration. As shown in Fig. S3, we find that these Na ions-intercalated intermediate 

configurations are all almost intact without obvious distortion, indicating the working 

cycling stability of the h-B10N12 anode during the charging/discharging process.

To further examine the thermodynamic stability, we study the equilibrium convex 

hull based on the calculated formation energy Ef formulated as

10 12 10 12 10 12
(1 ) .

xf Na hB N hB N Na hB NE E x E xE- -= - - -             (6)

Here, 
10 12xNa hB NE - , 

10 12hB NE , and 
10 12Na hB NE -  are the total energies of the selected 

energetically most favorable Na-adsorbed structure in different concentration of x 

changing between 0 and 1, respectively. From the results presented in Fig. 5(a), we find 

that those selected intermediate states at concentrations of x = 0.056, 0.167, and 0.833 

are thermodynamically stable as determined by the convexity of the hull diagram. On 

this basis and the binding energy equation (3), we can further calculate the respective 

adsorption energy and plot its variation with concentration. As shown in Fig. 5(b), one 

can see that the binding strength tends to become weaker gradually as the ion 

concentration increasing. This results from the strengthened Coulomb repulsion among 

a large number of Na ions, effectively avoiding the formation of Na clusters to some 

extent.

Next, we further estimate the average open-circuit voltage V defined as

1 10 12 2 10 12 2 1

2 1

( )
.x xNa hB N Na hB N NaE E x x

V
x x

m- -- + -
»

-
               (7)

Here, 
1 10 12xNa hB NE -  and 

2 10 12xNa hB NE -  are the total energies of Na ions adsorbed structure 

with concentration of x1 and x2, respectively. In Fig. 5(c), we plot the voltage profile 

within the half-cell model and find that the plateaus gradually decrease while the values 
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always keep positive through the entire Na-ion concentration region. It suggests that 

this half-cell reaction will happen spontaneously until the end and the maximal 

theoretical capacity can be achieved reversibly. Then we evaluate the average open-

circuit voltage by calculating the numerical average of all the voltage values on the 

curve. The result is found to be 0.58 V, which is comparable to that of light carbon 

anode tC24 (0.54 V) [66] and much lower than that of silicon anode ISN (1.35 V) [67]. 

The low voltage of h-B10N12 anode favors the high energy density.

To examine the cycling stability of the h-B10N12 anode in the charging-discharging 

process, we evaluate the total volume change described as

0

0

100%.NaV VV
V
-

D = ´                         (8)

Where, NaV , and 0V  are the volume of Na-adsorbed and empty h-B10N12 structures, 

respectively. The sodiation behavior happens from the original empty system to the full 

one and desodiation is the inverse process. Therefore, the empty and full Na-adsorbed 

states of the h-B10N12 anode are two boundary conditions. After calculation, we find 

the overall volume change of the h-B10N12 anode to be 2.77%, which is much smaller 

than the experimental value of modified graphite (80%) [68] and comparable to that of 

lz1-BN (2.23%) [26] and 3D-Si2BN (2.7%) [62]. This high cycling stability is attributed 

to the intrinsic ductility as well as the mechanical anisotropy that displays the axial-

deformation resistance and radial flexibility.
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Figure 5. (a) Formation energy and ground-state hull of intermediate configurations, 

(b) binding energy curve and (c) voltage profile of most stable states of h-B10N12.

For clarity, we summarize the key performance parameters of the h-B10N12 anode 

in Table 2, and compare them with other previously reported systems for SIBs anodes, 

including 3D boron nitrides [26,27], boron-nitride-based anodes [61,62], modified 

graphite [68], Si24 [70], graphene-nanoribbon-based HZGM-42 [71], and silicene-

nanoribbon-based ISN [67]. Furthermore, we also compare the metallicity, porosity, 

and ductility of h-B10N12, as well as its application as a SIB anode material, with some 

other boron nitrides (see Table S1). These results show that h-B10N12 is the first 3D 

metallic boron-nitride SIBs anode candidate that integrates all the advantages of 

ordered porosity, intrinsic metallicity, and mechanical ductility together, thus, leading 

to high theoretical capacity, excellent rate performance, and long cycling life.
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Table 2. Comparison of the key performance parameters of h-B10N12 with some other 

reported representative anode materials for SIBs.

Structure
Specific 
capacity 
(mAhg-1)

Diffusion 
barrier 
(eV)

Average 
open-circuit 
voltage (V)

Volume 
change 

(%)

Mechanical 
feature

Electronic 
property

h-B10N12 [This Work] 582.21 0.06-0.12 0.58 2.77 Ductile Metallic

lz1-BN [26] 539.94 0.27 0.33 2.23 Brittle Semiconducting

3D-B2N2 [27] 599.90 0.04-0.08 0.13 0.96 Ductile Semiconducting

h-BC2N [61] 549.00 0.35 0.31 0.03 Ductile Semiconducting

3D-Si2BN [62] 341.61 0.19-0.21 0.15 2.70 Brittle Semiconducting

Modified graphite [10,68] 109 0.40 0.66 80 Ductile Metallic

Si24 [69,70] 159 0.68 0.30 2.30 Ductile Metallic

HZGM-42 [71] 318.5 0.08 0.43 1.85 Brittle Semi-metallic

ISN [67] 159.5 0.005 1.35 2.80 Ductile Semi-metallic

4. Conclusions

In summary, unlike the widely-studied boron nitrides, we propose a new 3D porous 

and metallic boron nitride allotrope named h-B10N12 for the anode of SIBs. H-B10N12 is 

ductile and dynamically, thermally and mechanically stable, exhibiting resistance to 

deformation, especially in the axial direction due to the orderly arrangement of the B-

B and N-N dimers. The calculated results of the electronic band structure show that h-

B10N12 is metallic, and a subsequent TB model analysis indicates that the metallicity 

originates from the synergistic contribution of the p-orbital of sp2-hybridized B and N 

atoms. More importantly, h-B10N12 is found to possess a high reversible theoretical 

capacity of 582.21 mAhg-1 in gravimetric and 663.72 mAhcm-3 in volumetric density, 

low diffusion barriers in the range of 0.06 to 0.12 eV, a small volume change of 2.77%, 
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and a reasonable average open-circuit voltage of 0.58 V when used as an anode material. 

These results are due to its unique porous and ductile structure as well as the existence 

of conducting channels. The superior performance parameters imply that h-B10N12 is a 

promising candidate material for SIB anodes. Our research expands the boron nitride 

family with new characteristics for SIB applications and broadens research perspectives 

to design boron nitrides with desirable properties in the future.
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