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-based 3D porous metallic and
ductile monolith for high-performance sodium-ion
battery anode†

Wei Sun and Qian Wang *

It is of current interest to design sodium-ion batteries (SIBs) as one of the most promising alternatives to

traditional lithium-ion batteries (LIBs). Motivated by the successful synthesis of atomic-thick BeN4 sheets,

going beyond the previously reported three-dimensional (3D) graphene- or silicene-monolith anode

materials, we propose a new stable 3D monolith named oBeN4 by assembling BeN4 nanoribbons. A

combined density functional theory computational study and tight-binding (TB) model analysis revealed

that oBeN4 is mechanically ductile and intrinsically metallic with conducting channels formed by

electrons in the p-orbitals of N atoms. Light mass, high porosity, and intrinsic metallicity endow oBeN4

with superior electrochemical performance when used as an anode material for SIBs, exhibiting a high

reversible gravimetric capacity (578.03 mA h g−1) and volumetric capacity (670.51 mA h cm−3), a small

volume change (0.5%), low diffusion barriers (0.14–0.68 eV), and a low average open-circuit voltage

(0.25 V). These findings demonstrate that the assembly of BeN4 nanoribbons is a promising strategy for

the design of novel SIB anodes with high performance.
1. Introduction

With the constant rising concerns about the high cost and
limited terrestrial resources of lithium, SIBs are gradually
stepping onto the stage of large-scale energy storage beneting
from the abundant supply of sodium and the similarity in
working mechanism to that of LIBs.1,2 However, the universality
of anode materials is far insufficient when it comes to SIBs,3,4

just like graphite, which serves well for LIBs with a capacity of
372 mA h g−1, possesses a specic capacity as low as
35 mA h g−1 when used as the anode for SIBs.5 Moreover,
graphite exhibits a signicant volume change when accommo-
dating and transporting Na ions, resulting in poor cycling
stability during charging and discharging operations.6 All these
properties are due to the larger ionic radius of Na ions (1.02 Å
for Na+ vs. 0.76 Å for Li+),7 which seriously hinders the insertion
and extraction of Na ions in the anodes.8 Hence, the design of
universal anode materials is urgently required for developing
high-performance SIBs.

Since the successful synthesis of 3D graphene monoliths,9 it
has become a new strategy to design 3D porous materials for
metal-ion battery anodes using nanoribbons as the building
blocks,10,11 leading to a number of theoretically predicted porous
3D metallic or topological semi-metallic SIB anode materials,
, CAPT, Peking University, Beijing 100871,

tion (ESI) available. See DOI:

f Chemistry 2024
including graphene-nanoribbon-assembled bco-C24 (ref. 12) and
HZGM-42,13 silicene-nanoribbon-integrated ISN14 and 3D-ortho-
silicene,15 and biphenylene-nanoribbon-based HexC28.16

Recently, an atomic-thick BeN4 sheet17 has been successfully
synthesized in experiments, as predicted by early theoretical
work.18 The polarized bonding between the Be and N atoms could
make BeN4 effective and efficient in storing and transporting Na
ions, as is the case with the BeN4 monolayer for potassium-ion
battery anode.19 It is well known that 3D anode materials are
more desirable in practical applications. Therefore, an intriguing
question arises: is it possible to design a porous 3Dmetallic BeN4

by assembling BeN4 nanoribbons for high-performance SIB
anodes? This motivated us to carry out this study.
2. Computational methods

Our calculations were carried out based on density functional
theory (DFT) using the projector augmented wave (PAW)
method20,21 as implemented in the Vienna ab initio simulation
package (VASP).22 The generalized gradient approximation
(GGA)23 with the Perdew–Burke–Ernzerhof (PBE) functional was
used to treat the electron exchange–correlation interactions for
geometry optimization, while the Heyd–Scuseria–Ernzerhof
(HSE06) hybrid functional24,25 was applied for a more accurate
electronic band structure. Plane waves with a kinetic energy
cutoff of 600 eV were used to expand the wavefunction of
valence electrons. High convergence thresholds of 10−8 eV and
10−6 eV Å−1 were set for the total energy and force, respectively.
The Brillouin zone is represented by a 3 × 3 × 9 k-meshes
J. Mater. Chem. A, 2024, 12, 2435–2443 | 2435
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within the Monkhorst–Pack scheme.26 To verify the dynamic
stability, the nite displacement method27 implemented in the
phonopy code28 was used with the same convergence criteria. A
tight-binding Hamiltonian was constructed to deeply investi-
gate the origin of metallicity by projecting the Bloch states onto
the maximally localized Wannier functions based on the
WANNIER90 package.29 Thermal stability was studied by per-
forming ab initio molecular dynamics (AIMD)30 simulations
with the Nose–Hoover thermostat.31 The climbing-image
nudged elastic band (CI-NEB) method32 was used to obtain
the diffusion energy barrier prole. In order to study the
adsorption and diffusion behavior of Na ions, the effect of van
der Waals interactions was considered using the PBE-D2
functional.33
3. Results and discussion
3.1 Structure and stability

We used the atomic-thick BeN4 nanoribbon (Fig. 1a) as the
building block and the four-coordinated Be atoms colored in
dark green as the cross-linkers (Fig. 1b) to construct the 3D
porous monolith, as shown in Fig. 1(c). The formed Be–Be
bonding was similar to that in diberyllocene.34 During the
transformation process, the total free energy increased by
0.35 eV per atom, in which the Be–N bond breaking cost was
0.44 eV per atom, while the Be–Be bond formation released
−0.09 eV per atom. In other words, the 3D BeN4 monolith is
energetically metastable as compared to the 2D BeN4 sheet, as is
the case with 3D metastable graphene monoliths when
compared with 2D graphene sheets. The details can be found in
Fig. S1 in the ESI.† Its primitive cell contains 6 Be and 16 N
atoms and belongs to the orthorhombic symmetry with the No.
47 space group of Pmmm (D2H-1); thus, we named it oBeN4. In
this structure, there are 4 chemically nonequivalent Be and 4
nonequivalent N atoms, occupying the Wyckoff positions of 2j
(0.106773, 0, 0.5), 2n (0, 0.175429, 0.5), 1b (0.5, 0, 0), and 1e (0,
0.5, 0), and 4w1 (0.232009, 0, 0.182043), 4w2 (0.363489, 0,
0.317296), 4u1 (0, 0.276065, 0.185234), and 4u2 (0, 0.386242,
0.318171). The optimized lattice parameters are a = 9.53 Å, b =

11.44 Å, c = 3.66 Å, and a = b = g = 90°. Owing to the unique
porous conguration displayed in Fig. 1(d), oBeN4 has a low
mass density of 1.16 g cm−3, much lower than that of honey-
comb graphene monolith9 (1.48 g cm−3) and many previously
reported low mass density porous structures such as HZGM-42
EðnÞ ¼ 1

n14S11 þ 2n12n22S12 þ 2n12n32S13 þ n24S22 þ 2n22n32S23 þ n34S33 þ n22n32S44 þ n12n32S55 þ n12n22S66

:

and

BðnÞ ¼ 1

ðS11 þ S12 þ S13Þn12 þ ðS12 þ S22 þ S23Þn22 þ ðS13 þ S23 þ S33Þn32: (1)
(1.39 g cm−3),35 3D-BPC2 (1.26 g cm−3),36 and 3D-Si2BN
(1.41 g cm−3),37 which have been found to be promising as
anode materials for metal ion batteries.
2436 | J. Mater. Chem. A, 2024, 12, 2435–2443
To study the stability of oBeN4, we rst calculated its phonon
band spectrum. As shown in Fig. 2(a), there are no imaginary
modes in the entire rst Brillouin zone, conrming that oBeN4

is dynamically stable. The thermal stability was then investi-
gated by performing AIMD simulations for 10 ps with the time
step of 1 fs within the temperature range from 300 K to 1000 K
in 100 K intervals. We nd that the geometry exhibits obvious
distortion with the chemical bonding between Be atoms broken
when the temperature reaches 1000 K. While, the simulated
results shown in Fig. 2(b) reveal that the average value of the
total potential energy uctuates slightly around a certain
constant during the entire simulation process at 900 K, and the
structural skeleton remains almost intact aer the simulation,
implying that oBeN4 is thermally stable and can withstand high
temperatures up 900 K.

We then adopted the stress–strain method implemented in
the AELAS package38 to calculate the independent elastic
constants. According to the symmetry of oBeN4, there are 9
independent elastic constants,39 which are calculated from the
elastic stiffness matrix to be C11 = 111.33 GPa, C12 = 0.31 GPa,
C13 = 9.86 GPa, C22 = 99.57 GPa, C23 = 7.38 GPa, C33 =

413.29 GPa, C44 = 17.10 GPa, C55 = 20.26 GPa, and C66 =

0.184 GPa. While the specic content of Born–Huang criteria for
the mechanical stability of the crystals with orthorhombic
lattice40 is C11 > 0, C11C12 > C12

2, C11C22C33 + 2C12C13C23 −
C11C23

2 − C22C13
2 − C33C12

2 > 0, C44 > 0, C55 > 0, and C66 > 0. We
nd that the calculated constants of oBeN4 fully satisfy the
requirements of the criteria, thereby verifying that oBeN4 is
mechanically stable. Thus, oBeN4 was determined to be
dynamically, thermally, and mechanically stable.

3.2 Mechanical and electronic properties

With the calculated elastic constants of oBeN4, we rst calcu-
lated its bulk modulus B, Young's modulus E, and shear
modulus G in the framework of the Voigt–Reuss–Hill approxi-
mation,41 where subscripts V, R, and H denote the Vigot bound,
Reuss bound, and Hill average, respectively. The results of BH =

60.81 GPa, EH= 64.62 GPa, and GH= 24.42 GPa surpass those of
porous ISN with the corresponding values of BH= 51.90 GPa, EH
= 48.07 GPa, and GH = 20.12 GPa,14 implying that this 3D
structure can resist external stress in a certain degree. Next, we
evaluated the mechanical anisotropy of oBeN4 using the
following equations to obtain the Young's moduli and bulk
moduli:42
where, S11, S13, S33 and S44 represent the elastic compliance
constants, and n = (n1, n2, n3) is the unit vector of specic
stretching direction. The calculated Young's moduli and bulk
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) BeN4 nanoribbons as the building block. (b) Perspective view of a 1 × 1 × 2 supercell, (c) optimized geometry of the oBeN4 unit cell,
and (d) corresponding 3 × 3 × 3 supercell.
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moduli along the a, b, and c directions, namely the [100], [010],
and [001], as shown in Fig. 1(c), are E(a) = 111.09 GPa, E(b) =
99.43 GPa, E(c) = 411.86 Gpa, and B(a) = 113.95 GPa, B(b) =
101.36 GPa, and B(c) = 491.40 Gpa, respectively. It is obvious
that oBeN4 possesses a stronger resistance to normal defor-
mation in the axial direction than in the other two directions,
suggesting that oBeN4 is mechanically anisotropic. We then
studied the toughness or brittleness of oBeN4. In general,
a material with n > 0.26 and G/B < 0.57 is more likely to exhibit
ductile behavior according to Pugh's empirical rule.43 For
oBeN4, the corresponding values were calculated to be n = 0.32
and G/B = 0.40, suggesting that oBeN4 is intrinsically ductile.

To study the electronic properties of oBeN4, we rst calcu-
lated its electronic band structure at the HSE06 level as it is
more accurate than the PBE functional. As plotted in Fig. 3(a),
This journal is © The Royal Society of Chemistry 2024
one can see that the partially occupied energy bands cross the
Fermi level along the G-Z, Z-U, and R-T paths, indicating that
oBeN4 is intrinsically metallic. Unlike the reported thickness-
dependent semi-metallic feature of the 2D BeN4 layer,44 the
metallicity of the 3D oBeN4 monolith is enhanced by the
rational assembly process. The partial density of states (PDOS),
from the HSE06 level, projected on the s- and p-orbitals of Be
and N atoms show that themetallicity comes from the p-orbitals
of N atoms that contribute the highest density of states near the
Fermi level.

To gain a deeper understanding of the origin of the metal-
licity, we build a TB model in terms of the maximally localized
Wannier functions by projecting the Bloch states and using the
WANNIER90 code.29 The Hamiltonian for the p-orbitals of all
the nitrogen atoms is dened as:
J. Mater. Chem. A, 2024, 12, 2435–2443 | 2437
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Fig. 2 (a) Phonon band structure, and (b) total potential energy fluctuation of oBeN4 with time during the AIMD simulation at 900 K. Insets show
snapshots of the atomic configuration at the end of the simulation.

Fig. 3 (a) Electronic band structures from our DFT calculations and the TBmodel, and PDOS projected on the s and p orbitals of Be and N atoms.
(b) Slices of the ELF distribution on the (100) and (010) lattice planes of oBeN4.
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H ¼ 30
X

i

c
†
i ci þ

X

ij

�
tijc

†
i cj þH:c:

�
: (2)

where, c†i , ci, 30, and tij correspond to the electronic creation and
annihilation operators of the p-orbital at site i, the on-site
energy, and the hopping integral describing the jumping
process of electrons from the i site to j site, respectively. By
projecting the p-orbitals of all N atoms in the unit cell, the
electronic band structure calculated from the TB model is pre-
sented in Fig. 3(a) with a red dashed line for comparison. One
can see that the band structure characteristics near the Fermi
level are well consistent with those obtained from our DFT
calculation, further conrming that the origin of metallicity
comes from the electrons in the p-orbitals of all the N atoms in
oBeN4.

We further calculated the electron localization function
(ELF)45 for BeN4 to obtain a specic electronic distribution, and
to examine if any electron conducting channel exists in this
2438 | J. Mater. Chem. A, 2024, 12, 2435–2443
structure. ELF has been widely used to measure electron local-
ization by describing the electron distribution in materials with
its value ranging from 0.0 to 1.0. The value of 1.0 corresponds to
the perfect localization, 0.5 to the electron-gas-like behavior,
and 0.0 corresponds to the state with extremely low charge
density.46 The electron density distributions in the (100) and
(010) planes, shown in Fig. 3(b), indicate that the conducting
channels are along the N-chains, where the p-orbitals of the N
atoms contribute to the intrinsic metallicity of oBeN4.

3.3 Performance as an anode material for SIBs

Considering its structural porosity, mechanical ductility, and
intrinsic metallicity, oBeN4 can be expected to be promising for
high reversible capacity, improved cycling stability, and
enhanced rate performance when used as an anode for SIBs.
Hence, we calculated the related parameters, including the
theoretical reversible capacity, diffusion energy barrier, volume
expansion, and average open-circuit voltage.
This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) All possible adsorption sites for a single Na atom in oBeN4. (b) Perspective and (c) orthographic view of the fully sodiated oBeN4

configuration with different diffusion paths, and (d) the corresponding energy barrier.
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To nd suitable absorption sites for a single Na atom in the
oBeN4 substrate, we rst studied the binding strength of Na
atoms at different potential sites. A 1× 1× 3 supercell was used
for the calculations to prevent the interaction between the Na
atoms. All nonequivalent possible sites can be divided into
three types: the bridge site (B) over the atomic bonds, the hollow
site (H) above the center of the atomic rings, and the top site (T)
on the top of atoms, as shown in Fig. 4(a). To measure the
adsorption strength of every possible site, we calculated the
binding energy Eb using the following equation.

Eb = (ENan−oBeN4
− EoBeN4

− nmNa)/n. (3)

where, ENan−oBeN4
, EoBeN4

, mNa and n are the total energy of the
system with and without the adsorbed Na atoms, the energy of
one Na atom in its bulk form, and the number of the Na atoms
in the supercell, respectively. Aer full optimization, Na atoms
on the different candidate sites move to the H2 site or its
equivalents. The corresponding binding energy is calculated to
be−0.25 eV, indicating that the H2 site is the energetically most
favorable adsorption site for a single Na atom. Based on the
analysis of the Bader charge transfer,47 we nd that Na ion
This journal is © The Royal Society of Chemistry 2024
transfers 0.86 electrons to the substrate upon adsorption,
providing the required Na+ ions for battery operation.

Next, we calculated the maximal theoretical capacity of
oBeN4 by gradually increasing the concentration of the absor-
bed Na ions on the energetically most favorable adsorption site
and its equivalents until an energetically unfavorable state is
reached. In this process, we considered not only all the equiv-
alent stable adsorption sites but also the symmetry and distance
between the Na ions to avoid clustering. The nal conguration
is presented in Fig. 4(b) and (c) from the perspective and
orthographic view, respectively. The resulting chemical stoi-
chiometric ratio is such that one oBeN4 unit cell can maximally
store 6 Na ions. Hence, we can calculate the corresponding
maximal theoretical gravimetric capacity (CM) and volumetric
capacity (CV) based on the following formulae:

CM ¼ nmF

M
;CV ¼ nmF

V
: (4)

where nm represents the maximum adsorption number of Na
ions, F is the Faraday constant with a value of 26.8 A h mol−1,
and M and V are the mass and volume of the oBeN4 substrate,
respectively. The values of gravimetric capacity and volumetric
J. Mater. Chem. A, 2024, 12, 2435–2443 | 2439
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capacity were calculated to be 578.03 mA h g−1 and 670.51 mA h
cm−3, respectively, which are much larger than those experi-
mentally observed for graphite (35 mA h g−1)5,8 and hard carbon
(230 mA h g−1).48 Such theoretical capacity is not only higher
than that of many theoretically designed 3D porous metallic/
semi-metallic carbon allotropes such as HZGM-42
(318.5 mA h g−1),13 penta-oC36 (496.9 mA h g−1),49 and oC46
(303 mA h g−1),50 but also surpasses the capacity of some other
SIB anodes composed of light elements other than carbon,
including ISN (159.5 mA h g−1),14 3D-BPC2 (407.29 mA h g−1),36

and 3D-Si2BN (341.61 mA h g−1).37 Such obvious advantages in
theoretical capacity are attributed to its characteristics of well-
sized pores and light constituent elements, suggesting that
oBeN4 can store large amounts of Na ions when serving as the
anode for SIBs.

To study the transport behavior of Na ions in the oBeN4

anode, we used the CI-NEB method32 for the calculation of the
energy prole to determine the diffusion energy barrier. Based
on the symmetry of the geometric conguration and adsorption
sites, three nonequivalent migration paths were selected, as
shown in Fig. 4(c), where two are along the conducting channel
and one crosses between them. The calculated results are
plotted in the diffusion proles in Fig. 4(d), which shows that
the energy barrier for Na ions ranges from 0.14 to 0.26 eV along
the axial paths, and path 1 is the energetically most favorable
path. The energy barrier is 0.68 eV when Na ions diffuse across
these two diffusion paths, implying that it is also possible for Na
ions to switch diffusion channels during the transporting
process. In addition, we also studied the situation with high Na-
ion concentration by investigating the diffusion behavior of
a single vacancy. The results are presented in Fig. S2.† The
minimum diffusion energy barrier is lower than that of graphite
(0.40 eV),8 HexC28 (0.22 eV),16 C-honeycomb (0.17 eV),51 and
experimentally synthesized Si24 (0.68 eV).52,53 This implies that
the stored Na ions can migrate easily due to the intrinsic met-
allicity and regularly distributed conducting channels in the
oBeN4 structure, leading to a good rate of performance when
used as anode materials in SIBs.

To further study the performance of oBeN4 when used as the
anode for SIBs, we carried out the half-cell reaction versus Na/
Na+ based on the following equation for the charging/
discharging process:
Fig. 5 (a) Adsorption energy curve, (b) ground-state hull of intermediate
half-cell model for oBeN4.

2440 | J. Mater. Chem. A, 2024, 12, 2435–2443
(x2 − x1)Na+ + (x2 − x1)e
− + Nax1

− oBeN4 4Nax2
− oBeN4.(5)

where x1 and x2 refer to different Na concentrations in the
oBeN4 system. Although we previously obtained the maximal
theoretical capacity of the oBeN4 anode for SIBs as
578.03 mA h g−1, specic adsorption states under different
intermediate concentrations were not determined. Using the
Ewald energy method implemented in pymatgen soware,54,55

we generate a series of symmetrically nonequivalent congu-
rations with Na-ion concentration of x = 0.167, x = 0.333, x =

0.500, x = 0.667, and x = 0.833. To compare the energies of the
fully optimized possible structures, the energetically most
stable conguration under a given concentration was used as
the ground state structure. Based on these selected stable
intermediate states and eqn (3), we calculate the adsorption
energy under different concentrations and the corresponding
variation curve is given in Fig. 5(a), which shows that the
binding strength gradually weakens as the concentration
increases due to the strengthened Coulomb repulsion among
Na ions.

To check the thermodynamic stability of the most favorable
Na-intercalated congurations, we plotted the equilibrium
convex hull based on their corresponding formation energy Ef
using the following equation:

Ef = ENax−oBeN4
− (1 − x)EoBeN4

− xENa−oBeN4
. (6)

where, ENax−oBeN4
, EoBeN4

, and ENa−oBeN4
are the total energies of

the energetically most favorable Na-intercalated system with
concentrations of x, 0, and 1, respectively. As shown in Fig. 5(b),
one can see that these selected congurations with the Na-ion
concentrations of 0.167, 0.667, and 0.833 are thermodynami-
cally stable. Based on these thermodynamic ground-state
congurations, we further evaluate the average voltage V using
the following formula:

V z
ENax1�oBeN4

� ENax2�oBeN4
þ ðx2 � x1ÞmNa

x2 � x1

: (7)

where, ENax1�oBeN4 and ENax2�oBeN4 are the total energies of the Na
ion intercalated system with the concentration of x1 and x2,
respectively. The calculated voltage prole in the half-cell model
is displayed in Fig. 5(c), in which the voltage is always positive
during the entire operation, indicating that the maximal
Na-intercalated configurations, and (c) calculated voltage profile in the

This journal is © The Royal Society of Chemistry 2024
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Table 1 Comparison of the key properties of the oBeN4 anode with some previously reported anode materials for SIBs

Structure
Reversible
capacity (mA h g−1)

Volume
change (%)

Diffusion
barrier (eV)

Average open-circuit
voltage (V) Electronic property

oBeN4 578.03 0.5 0.14 0.25 Metallic
HZGM-42 (ref. 13) 318.5 1.85 0.08 0.43 Semi-metallic
tC24 (ref. 56) 232.65 0.94 0.053 0.54 Semi-metallic
ISN14 159.5 2.80 0.005 1.35 Semi-metallic
Si24 (ref. 52 and 53) 159 2.30 0.68 0.30 Metallic
SiC4–I

57 176.3 0.57 0.410 0.55 Metallic
3D-BPC2 (ref. 36) 407.29 1.15 0.05 0.50 Metallic
3D-Si2BN

37 341.61 2.7 0.19 0.15 Semiconducting
Graphite with co-intercalation
reactions8,58

109 80 0.40 0.66 Metallic
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reversible gravimetric capacity is 578.03 mA h g−1 and reversible
volumetric capacity is 670.51 mA h cm−3 for oBeN4. We further
calculated the average open-circuit voltage by evaluating the
numerical average of the voltage curve within the entire
concentration range and found the corresponding value of
0.25 V, which is lower than the value of HZGM-42 (0.43 V),13

penta-oC36 (0.39 V),49 ISN (1.35 V),14 and 3D-BPC2 (0.50 V).36

Such low voltage in the half-cell model can increase the fuel
cell's operating voltage when the oBeN4 anode is connected to
the cathode, further enhancing the energy density of the SIBs.

To check the cycling stability, we calculated the overall
volume change during the charging/discharging process using
the following formula:

DU ¼ UNa � U0

U0

� 100%: (8)

where, UNa and U0 are the volumes of the Na-intercalated and
empty oBeN4 systems, respectively. The charging/discharging
process represents the sodiation/desodiation behavior of Na
ions, so the empty and full Na-intercalated oBeN4 systems are
two boundary states. Hence, we calculated the respective
volume of each one and compared them to obtain the total
volume change to be 0.5%, which wasmuch smaller than that of
HZGM-42 (1.85%),13 ISN (2.80%),14 3D-BPC2 (1.15%),36 and 3D-
Si2BN (2.7%).37 Such excellent cycling stability is attributed to its
intrinsic ductility, proving that oBeN4 can possess long-term
cycle life when used as the anode for SIBs.

For a better understanding of the performance of oBeN4,
comparisons were made with some experimentally synthesized
and theoretically designed SIBs anode materials, including
silicon carbides, graphene-nanoribbon-based HZGM-42,
silicene-nanoribbon-based ISN, BPC2-nanoribbon-based 3D-
BPC2, and Si2BN-nanoribbon-based 3D-Si2BN, as shown in
Table 1. It is obvious that the BeN4-nanoribbon-based oBeN4 is
a promising anode material of SIBs with a high theoretical
reversible capacity, good rate performance, and a long-term
cycle life.
4. Conclusions

In brief, in contrast to various previously designed nanoribbon-
based anode materials, for the rst time, we propose a new 3D
This journal is © The Royal Society of Chemistry 2024
porous monolith named oBeN4 based on experimentally
synthesized 2D BeN4 nanoribbons and the newly developed
strategy of Be–Be bond formation. Using DFT calculations
combined with the tight-binding model and phase diagram
analysis, we not only veried the dynamic, thermal, and
mechanical stability of oBeN4 but also proved its mechanical
ductility and intrinsic metallicity originating from the electrons
in the p-orbitals of N atoms. We further demonstrated that as
a promising anode for SIBs, oBeN4 possesses a high reversible
gravimetric capacity of 578.03 mA h g−1 and volumetric capacity
of 670.51 mA h cm−3, a small volume change of 0.5%, a low
diffusion barrier of 0.14 eV, and a low average open-circuit
voltage of 0.25 V, surpassing the performance of the other re-
ported systems to some extent. We expect that our study will
stimulate further efforts in synthesizing such 3D nanoribbon-
based anodes for SIBs with high performance.
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