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Ultrahigh energy density BeN monolayer: A nodal-line semimetal anode for Li-ion batteries
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Topological quantum materials have significant potential for application as anode materials due to their
intrinsically high electronic conductivity against perturbation from defects or impurities. In this work, we utilize
a combination of a swarm-intelligence structure search method and first-principles calculations to predict the
global minimum of a BeN monolayer, suggesting it as a promising nodal-line semimetal anode for Li-ion
batteries. BeN anode demonstrates a substantial specific capacity of 3489 mAh/g and a low average open-circuit
voltage of 0.15 V, resulting in an ultrahigh energy density of 9681 mWh/g (referenced to the standard hydrogen
electrode potential). This energy density represents the highest among all two-dimensional (2D) topological
quantum anodes and surpasses that of most currently known 2D anode materials for Li-ion batteries. Further-
more, the formation of a vacancy in the BeN monolayer induces a unique “self-doping” effect that promotes
high electronic conductivity. Additionally, the BeN monolayer exhibits a diffusion energy barrier of 0.30 eV for
Li-ion migration, a small-scale area expansion of 0.96% during the process of lithiation, and excellent wettability
with the contacted electrolytes.
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I. INTRODUCTION

Li-ion batteries, as the most mature and extensively utilized
energy storage technology, have gained widespread applica-
tion across a range of sectors, including portable electronic
devices, electric vehicles, and large-scale power plants [1–4].
To achieve the goal of fast-charging electric vehicle batteries
to reach 80% pack capacity within 15 min by 2023, as pro-
posed by the U.S. Advanced Battery Consortium [5], there is
an urgent requirement for anode materials that exhibit both
high ionic conductivity and high electrical conductivity.

Topological quantum materials possess substantial poten-
tial as anode materials owing to their inherent high electrical
conductivity, which remains unimpaired by defects or im-
purities, surpassing the limitations of conventional ones [6].
Three-dimensional (3D) porous semimetallic materials repre-
sented by carbon [7–10], silicon [11], and boron [12] have
already been investigated as anodes for Li- and Na-ion bat-
teries. These materials exhibit excellent cycling stability;
however, they have relatively low specific capacities ranging
from 298 to 930 mAh/g for Li-ion batteries. This limitation
hinders the miniaturization of equipment during the charging
and discharging processes [13,14].
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The exceptional mechanical strength, chemical stability,
and high specific surface area exhibited by two-dimensional
(2D) materials have garnered substantial research interest.
Currently, substantial efforts are focused on the development
of 2D topological quantum materials as anode materials for
Li-ion batteries, aiming to enhance specific capacity and en-
ergy density. This family of 2D topological quantum materials
contains graphene and its analogs [15–18] (e.g., borophene,
silicene, germanene, and stanene), carbon-based materials
[19–23] (e.g., C4N, Si3C, NbC, MnC, and SiC), boron-based
materials [16,24–26] (e.g., B3S, B3P, BeB2, MgB2, and BP),
and others [27] (e.g., FeSe). In general, 2D topological quan-
tum materials exhibit improved specific capacity compared to
3D topological quantum materials, as seen in examples such
as Si3C (1394 mAh/g) [21], B3S (1662 mAh/g) [24], and B3P
(1691 mAh/g) [25]. Furthermore, such materials showcase
small-scale area expansion. However, their energy density
remains lower than those of conventional 2D anode materials
used in Li-ion batteries.

In this study, we designed a nodal-line semimetal anode
material for Li-ion batteries that exhibits the highest energy
density among all known 2D topological quantum materials
and is comparable to conventional 2D anode materials.
Using the swarm-intelligence structure search method and
first-principles calculations, we focused on BexNy monolayers
and carried out an extensive computational study. We found
a highly desired nodal-line semimetal anode BeN for Li-ion
batteries. The BeN anode exhibits an impressive energy
density of up to 9681 mWh/g, thanks to its high specific
capacity reaching 3489 mAh/g and a low average open-circuit
voltage (OCV) of 0.15 V. Additionally, the BeN anode
exhibits several notable characteristics. Firstly, the BeN anode
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demonstrates a distinctive “self-doping” effect, effectively
enhancing its electronic conductivity. Secondly, it exhibits
a remarkably low diffusion energy barrier (0.30 eV) for Li
atom migration on the BeN surface. Thirdly, it demonstrates
excellent wettability with the electrolytes, ensuring robust
interaction. Lastly, the area expansion of the BeN anode upon
lithiation is as small as 0.96%.

II. CALCULATION METHODS

Structure searches for BexNy (0 < x/y � 1, 1 � y � 4)
monolayers (involving four formula units at most) are per-
formed using the CALYPSO method [28–31], which has been
extensively used for structural predictions [32–35]. The lo-
cal structural relaxations and electronic property calculations
are performed based on the density functional theory [36]
within the generalized gradient approximation [37] using the
Vienna ab initio simulation package (VASP) [38]. The projec-
tor augmented-wave approximation [39] is adopted, treating
2s2 and 2s2 2p3 electrons as valence electrons for Be and N,
respectively. The plane-wave cutoff energy of 550 eV and a
dense Monkhorst-Pack grid spacing [40] of 2π × 0.03 Å−1

are adopted during the self-consistent calculation. The total
energy and force convergence precisions are 10−5 eV and
0.01 eV Å−1, respectively. It is important to clarify that the
total energy referred to exclusively pertains to the electronic

energy component, without the incorporation of vibrational
contributions. The dynamic stability is investigated by the
phonon calculations via the direct supercell method as imple-
mented in the PHONOPY code [41,42]. The thermal stability
of predicted structures is confirmed by ab initio molecular
dynamics simulations (AIMD) with a total simulation time of
10 ps at 1fs intervals. The temperature is maintained at 300
K using the Nosé-Hoover chain thermostat [43]. The van der
Waals correction is considered by the nonlocal optB86b-vdW
density functional [44] during the calculations of adsorp-
tion energy. The climbing image nudged elastic band (NEB)
method [45] is employed to locate the minimum-energy
pathway between the given initial and final configurations, al-
lowing the estimation of energy barriers for Li atom diffusion
on the Be-N surfaces.

III. RESULTS AND DISCUSSION

A. Crystal structure and electronic properties of intrinsic
and defective BeN monolayer

As shown in Fig. 1(a), we identified the BeN monolayer
global minimum which adopts a monoclinic structure in C2/m
symmetry, with the lattice constants being a = 16.75 Å and
b = 3.00 Å, Structure information can be found in Table SI
in the Supplemental Material (SM) [46]. The monolayer of
BeN is composed of two distinct types of hexagons: Be2N4

FIG. 1. (a) Top and side views of optimized BeN monolayer. (b) Band structures of BeN monolayer with and without the inclusion of the
SOC effect. (c) Orbit-resolved band structure of BeN monolayer. (d) A three-dimensional band structure and projection showcasing a Dirac
nodal line highlighted by black lines. The Fermi level is set to be zero.
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and Be3N3. The N-N bond in BeN is double bonded with
a bond length of 1.28 Å, which is slightly longer than that
(1.21 Å) of a typical N = N bond in N2F2. The average length
of the Be-N bond is 1.63 Å. The electron localization func-
tion calculations [47] of the BeN monolayer show the strong
covalent interaction between the nearest-neighbor N atoms
and between Be and N atoms because of obvious electron
localization (Fig. S1(a) in the SM [46]). Bader charge anal-
ysis [48] further shows that each Be atom transfers 1.67 |e|
to the N atom (Table SII in the SM [46]). Therefore, the
BeN monolayer exhibits the coexistence of covalent and ionic
bonds.

The cohesive energy of BeN is −6.53 eV/atom with re-
spect to the decomposition into the isolated Be and N atoms,
indicating the possibility of being synthesized. The calculated
phonon dispersion confirms that the BeN monolayer is dy-
namically stable as evidenced by the absence of imaginary
frequencies in the entire Brillouin zone (Fig. S1(b) in the
SM [46]). To assess the thermal stability of BeN monolayers,
AIMD simulations have been performed at temperatures of
300 K with a time length of 10 ps (Fig. S1(c) in the SM
[46]). The BeN monolayer can retain its structural integrity
without obvious distortions, which is further confirmed by the
small energy fluctuation. The elastic constants of BeN have
been calculated and presented in Table SIII in the SM [46],
which meet the Born criteria [49] for 2D systems, indicating
its mechanical stability.

Figures 1(b) and 1(c) show the band structures of the BeN
monolayer. The band structure remains nearly unchanged with
the inclusion of the spin-orbit coupling (SOC) effect, reveal-
ing the weak SOC effect in the BeN monolayer. Consequently,
for subsequent calculations, the SOC effect is disregarded.
The band structure of BeN exhibits evident metallic character-
istics, featuring a holelike band attributed to the N−py orbital
and an electronlike band originating from the N−pz orbital
intersecting near the Fermi level. Importantly, all these bands
exhibit double degeneracy, indicating the presence of fourfold
Dirac fermions at the gapless nodes. In Fig. 1(d), the 3D band
structure of the BeN monolayer is illustrated. Notably, the
BeN monolayer exhibits a distinctive nodal loop, which is
highlighted by black lines.

We investigated the effect of lattice vacancy in the BeN
monolayer on its electronic properties. We removed a Be or
a N atom from a 1 × 3 × 1 supercell (initially containing 24
Be and 24 N atoms) to create the vacancies, yielding a va-
cancy concentration of approximately 2.1%. After optimizing
the structure, our findings reveal that the introduction of two
Be vacancies [Figs. 2(a) and 2(b)] and one N vacancy in
the Be3N3 hexagon [Fig. 2(d)] does not significantly alter
the local atomic reconstruction. In contrast, the N vacancy in
the Be2N4 hexagon exhibits a relatively substantial impact on
the local atomic reconstruction, as illustrated in Fig. 2(c). The
calculated formation energies for BeI and BeII vacancies are
8.17 and 9.09 eV, respectively, which are lower than those
of NI and NII vacancies (9.52 and 11.50 eV, respectively).
This result indicates that the formation of a Be vacancy is
comparatively more facile. We also conducted NEB calcula-
tions to gain insights into the kinetics processes. Results reveal
that the energy barriers for BeI, BeII, and NI vacancies are
8.1, 9.1, and 9.4 eV, respectively (Fig. S2 in the SM [46]).

These results indicate that the formation of a BeI vacancy is
relatively favorable, suggesting its relative ease of formation.

The electronic band structures, as depicted in Figs. 2(e),
2(f), and 2(h), indicate that the characteristic nodal-line fea-
ture observed in the pristine BeN monolayer is likely to persist
even in the presence of vacancies. The presence of distinct
types of vacancies in a material can act as sources of self-
doping, subsequently influencing its electrical conductivity.
Depending on the material’s intrinsic properties and the par-
ticular type of vacancy, self-doping can manifest as either n
type or p type, thereby increasing electron or hole conduc-
tivity, respectively. Our calculations of formation energy and
NEB analysis indicate that the BeI vacancy is more likely
to form, leading to n-type self-doping and, consequently, en-
hancing the material’s electron conductivity. The formation
of vacancy defects inducing a distinctive “self-doping” effect
has been observed in B2S [50] and Be2C5 [51] Dirac anode
materials.

B. Li- and Na-ion adsorption and diffusion on the BeN anode

The adsorption and migration of Li and Na ions in the BeN
monolayer are crucial in determining the suitability of 2D
materials as anodes. Here, we consider ten possible adsorption
sites with high geometric symmetry (Fig. S3(a) in the SM
[46]). These sites are further categorized into three distinct
types: hollow (H), top (T), and bridge (B). While simulating
the adsorption and diffusion of metal atoms on the BeN mono-
layer, a 1 × 3 × 1 supercell is used to prevent the interaction
between the adjacent metal atoms. After structural relaxation,
we find only three possible adsorption sites, namely the H1,
H2, and B1 sites. The results of adsorption energy calculations
are summarized in Fig. 3(a) and Table SIV in the SM [46].
The adsorption energies of Li and Na ions on these sites are
negative, ranging from −1.22 to −0.36 eV and −1.06 to
−0.48 eV, respectively. Such negative values are significant
enough to hinder the formation of metallic dendrites. For
both Li and Na atoms, the H1 site is the optimum adsorption
one. It is imperative to acknowledge that dendrite formation
is a multifaceted process influenced by a wide array of fac-
tors [52]. These factors encompass not only thermodynamic
considerations but also kinetic parameters, such as the ion dif-
fusion coefficient, charge-transfer coefficient, current density,
ion mobility, and more. The more negative surface energy
and lower migration energy do indeed indicate that, from
an energetic standpoint, Li dendrites are not inherently more
prone to form. Consequently, it is essential to recognize that
a comprehensive understanding of dendrite formation cannot
be limited solely to the analysis of adsorption energy.

The adsorption mechanism is analyzed from two aspects:
charge transfer and orbital hybridization. In the inset of
Fig. 3(a), it is observed that the length of the Li/Na-N1 bond
is 2.07/2.46 Å, which is smaller compared to the Li/Na-N2
bond length (2.55/2.94 Å). This difference leads to a stronger
orbital hybridization between Li/Na and N1 atoms, evident in
the clear overlap between the N1-p and Li/Na-p orbitals situ-
ated below the Fermi level [as depicted in Figs. 3(b) and 3(c)].
Bader charge analysis results reveal that upon adsorption of Li
(Na) ions on the BeN surface, the N2 atom gains 0.13 (0.10)
|e|, which is greater than the gain in charge by the N1 atom
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FIG. 2. The relaxed structures of the 1 × 3 BeN supercell with various vacancies, including (a) BeI vacancy, (b) BeII vacancy, (c) NI
vacancy, and (d) NII vacancy. The corresponding electronic band structures are presented in (e)–(h) for each vacancy configuration.

[0.06 (0.03) |e|]. Therefore, both electron transfer (especially
between Li/Na and N2) and orbital hybridization (particularly
between Li/Na and N1), play a crucial role in the adsorption
of Li/Na on the BeN surface. The adsorption of a Li/Na atom
preserves the metallicity of the BeN monolayer (Figs. S3(b)
and S3(c) in the SM [46]).

We have chosen three distinct diffusion pathways [paths
1–3, as depicted in Fig. 4(a)] to evaluate the diffusion energy
barrier and assess the mobility of Li/Na ions. Among these
pathways, path 2 stands out, revealing the lowest diffusion
energy barrier for both Li and Na atom migration, estimated at

0.30 and 0.11 eV, respectively. These values are comparable
to most 2D anodes [Table I], such as B3P [25] (0.37 eV for
Li), SiC [20] (0.57 eV), B3S [24] (0.40 eV), BGe [53] (0.2 eV
for Na) and BP [54] (0.16 eV for Na). In practical scenarios,
the energy barrier for the migration of Li and Na atoms is
expected to increase significantly, especially when consider-
ing multilayer BeN as anode materials. We have conducted
calculations to determine the diffusion barrier for Li atom
migration between the layers of bilayer BeN. The diffusion
energy required for Li atom migration between the layers of
bilayer BeN is 0.52 eV, higher than that of the corresponding
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FIG. 3. (a) Adsorption energies of Li and Na atoms at different stable adsorption sites of BeN monolayer. The inset showcases the
adsorption sites, and Li/Na-N bond length (d1, d2). PDOS for (b) Li and (c) Na adsorbed at the H1 site of BeN monolayer.

BeN monolayer (Fig. S4 in the SM [46]). Nevertheless, it
is noteworthy that the optimal diffusion pathway remains
consistent.

C. Specific capacity, average OCV, energy
density, and durability

The maximum specific capacity can be determined when
the adsorption energy becomes positive or converges with in-
creasing Li/Na ion concentrations. The layer-by-layer average
adsorption energy (Eave) has been calculated to examine the
Li/Na atoms’ storage performance of the BeN monolayer. The
adsorption energy decreases as the number of Li/Na atoms
increases due to repulsion forces between neighboring atoms
(Fig. 4(d) and Fig. S5(a) in the SM [46]). The theoretical

specific capacity of anode materials is proportional to the
number of adsorption atoms. Thus, the relationship between
the adsorption concentration and behavior of Li/Na atoms
on the BeN monolayer can be studied by adsorbing multi-
ple Li/Na atoms on both sides of BeN. Calculated results
demonstrate that a maximum of 72 Li atoms can be accom-
modated on both sides of the BeN monolayer, i.e., a total
of two layers with 18 atoms per layer on one side, and the
corresponding stoichiometric ratio is BeNLi3. As a result,
the theoretical specific capacity is calculated to be as high
as 3489 mAh/g, which is very high among the reported 2D
topological materials and higher than those of most 2D repre-
sentative materials (Table I and Fig. S6 in the SM [46]). AIMD
simulations at 300 K for 10 ps demonstrate that the BeN
monolayer is slightly distorted when multiple Li atoms are

FIG. 4. (a) Alkali metal ions diffusion pathways on the BeN surface. (b) and (c) refer to the diffusion energy barriers associated with the
migration of Li and Na ions, respectively. (d) Calculated OCV and average adsorption energy (Eave) of Li-ion on BeN monolayer as the number
of adsorbed metal atoms (x) increases.
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TABLE I. Comparative summary of the diffusion barrier energy (eV), open-circuit voltage (OCV, V), specific capacity (mAh/g), energy
density (mWh/g), and area expansion of different anode materials for Li-ion batteries. The energy density is calculated using specific capacity
and OCV in original reports.

Barrier energy Specific capacity Energy density Area
Anode (eV) OCV (V) (mAh/g) (mWh/g) expansion Refs.

Topological quantum 2D BeN 0.3 0.15 3489 9681 0.96%
materials C4N 0.21 0.11 2158 5093 [58]

B3S 0.4 0.16 1662 4786 [24]
Si3C 0.46 0.20 1675 4757 0.3% [21]
BeB2 0.47 0.33 1750 4742 [26]
MgB2 0.61 0.70 1750 4095 [26]
B3P 0.37 0.65 1691 4041 [25]
BP 0.19 0.17 1282 3679 1.52% [59]

NbC 0.2 0.27 1021 2828 [22]
�-graphene 0.35 0.3 876 2400 [17]

MnC 0.15 0.15 800 2312 [22]
h567 0.35 0.3 697 1910 [18]
FeSe 0.16 0.25 658 1836 3.9% [27]
SiC 0.57 0.11 501 1468 1.49% [20]

Borophene 0.27 0.43 504 1315 2.5% [60]
Silicene 1.2 / 954 / [15]
Stanene 0.1 / 226 / [15]

Germanene / / 369 / [15]

Typical 2D materials Mg4B6 / 0.32 4299 11211 1.95% [61]
B7P2 0.59 0.24 3117 8728 [23]
SiP3 0.11 0.19 2658 7575 [62]
BGe 0.2 0.33 1927 5222 [53]
BN2 0.05 0.61 2071 5032 [63]
NiC3 0.5 0.15 1698 4907 [64]
Be2C 0.11 0.33 1785 4837 [65]
BeP2 0.15 0.17 1510 4333 [66]
FeC 0.26 0.37 1579 4216 [67]
BSi 0.37 0.53 1378 3459 [68]
AsP 0.17 0.17 1011 2901 6.9% [57]
GaN 0.079 0.26 938 2608 [69]

Mn2C 0.024 0.15 887 2563 [70]
BC3 0.04 0.48 883 2260 [71]
B2N 1.38 1.07 1082 2131 1.1% [72]
PC6 0.33 0.23 717 2014 [73]

Ca2C 0.027 0.1 582 1711 [74]
Mo2C 0.035 0.14 526 1525 0.4% [75]
TaB 0.09 0.54 559 1398 [76]
BAs 0.52 0.49 522 1331 [77]
GaS 0.11 0.53 526 1320 [78]
Sc2C 0.018 0.27 462 1279 [79]
PtN2 0.25 0.44 480 1248 [80]
AlC 0.78 1.38 739 1227 6.46% [81]
Ti2N 0.017 0.53 487 1222 [82]
C3N 0.41 0.15 383 1107 [83,84]
VS2 0.22 0.93 466 983 [85]
YS2 0.33 0.38 350 931 [86]

adsorbed [Fig. 5(a)]. After the removal of all Li atoms from
the BeN surface, we rerun the AIMD simulations and find
that the slightly deformed BeN monolayer can quickly re-
cover its initial configuration [Fig. 5(b)]. These results reveal
the good phase stability of the BeN monolayer during the
Li atoms’ insertion/extraction processes. The maximum ad-
sorption Na concentration corresponds to BeNNa, in which

the BeN monolayer adsorbs a total of 26 atoms on both
sides. After being fully optimized, the adsorption of Na atoms
will cause structural deformation of the BeN monolayer (Fig.
S5(b) in the SM [46]). Therefore, the BeN monolayer is not
suitable as an anode for Na-ion batteries. Thus, we calculate
the average OCV, energy density, and area change of the BeN
monolayer as an anode for Li-ion batteries.
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FIG. 5. The energy evolution of (a) BeNLi3 and (b) BeN monolayer obtained after removing all adsorbed Li atoms during AIMD
simulations at 300 K.

Two stable BeNLix (x = 1.5 and 3) structures are con-
sidered to compute the average OCV, and calculated results
show that the average OCV value of BeN for Li storage
versus the metal electrode is computed to be 0.15 V, com-
parable to many 2D materials (Table I). Energy density is
a pivotal parameter for assessing the electrochemical per-
formance of anode materials in industrial applications. The
standard hydrogen electrode potential (SHE) is used as the
universal cathode reference potential in these evaluations [55].
The energy density D can be estimated using the equation of
D = |–3.04 V + Vave| × C [55], which takes into account the
average OCV denoted as Vave, the specific capacity denoted
as C, and the relative potential for Li. The energy density
of the BeN anode is calculated to be 9681 mWh/g, which is
the highest among 2D topological anode materials and higher
than those of most 2D representative materials (Table I and
Fig. S6 in the SM [46]). This impressive value indicates that
BeN has great potential for storing a substantial amount of
energy in Li-ion batteries.

In a practical electrochemical energy storage device, an
isolated BeN layer is not a realistic configuration. The pres-
ence of other BeN layers in atomic proximity can significantly
influence the adsorption and intercalation energetics, thereby
playing a pivotal role in the overall behavior and performance
of the system. Therefore, it may be more realistic that a
(1 × 3 × 1) BeN monolayer can accommodate up to 18 Li
atoms on each side. Thus, the specific capacity is reduced by
half and the energy density is decreased to 5824 mWh/g. Even
so, the value is still higher than those of most 2D representa-
tive materials (Table I and Fig. S6 [46]).

The computed area expansion for BeNLi3 is only 0.96%.
This minimal fluctuation neither leads to electrode fracture
nor induces any specific capacity degradation. To achieve a
more accurate estimation of the volume expansion of BeN,
we have constructed a model based on the AA-stacking bilay-
ered BeN structure, as illustrated in Fig. S7 [46]. Following
complete structural optimization, the interlayer spacing of the
AA-stacking BeN is 3.56 Å. Upon adsorbing a single layer
of Li atoms, precisely 18 Li atoms situated between two
(1 × 3 × 1) BeN monolayers, the interlayer spacing expands
to 3.75 Å. Consequently, the calculated volume expansion

of the BeN anode amounts to approximately 5.3%, a value
notably smaller than that of graphite anode material (12%)
[56] and AsP (6.9%) [57].

D. Wettability of typical solvent molecules
and metal salts in the BeN surface

The wettability of the BeN anode by typical solvent
molecules is a crucial factor for assessing the overall perfor-
mance and stability of the battery system [87]. To evaluate the
compatibility of solvent molecules with the BeN surface, we
selected diethyl carbonate (DEC), dimethyl carbonate (DMC),
ethylene carbonate (EC), and propylene carbonate (PC) as the
solvents. Several adsorption sites for the solvent molecules on
the BeN surface were tested to identify the most energetically
favorable configuration (Fig. S8 in the SM [46]). In Table II, it
is shown that the calculated adsorption energy of all the con-
sidered solvent molecules displays negative values, ranging
from −0.46 to −0.66 eV. These negative values indicate a
strong interaction between the solvent molecules and the BeN
surface. Notably, the adsorption energies of solvent molecules
on BeN are comparable to those on graphene [50] (−0.54
to −0.87) and B2S [50] (−0.44 to −0.69), suggesting an
excellent wettability of BeN and a favorable wetting process.

We also studied the wettability of metal salts on the BeN
surface, such as LiClO4, LiFSI, LiPF6, and LiTFSI. The most
energetic configurations of metal salt absorbed on the BeN
surface are illustrated in Fig. S9 in the SM [46]. The calculated

TABLE II. Comparison of adsorption energies of solvent
molecules DEC, DMC, EC, and PC on BeN, graphene, and B2S
anodes.

Ead (eV)

Solvent molecule BeN Graphene B2S

DEC −0.46 −0.87 −0.69
DMC −0.56 −0.54 −0.44
EC −0.66 −0.56 −0.51
PC −0.48 −0.69 −0.63

013028-7



LIN, XU, WANG, HAO, AND LI PHYSICAL REVIEW RESEARCH 6, 013028 (2024)

FIG. 6. (a) Convex hull diagram for the Be-N system based on the formation energies concerning decomposition into the isolated Be and
N atoms with and without the inclusion of zero-point energy (ZPE). The stable and metastable phases are marked by solid and hollow blocks,
respectively. The crystal structures of (b) Be3N4, (c) Be2N3, and (d) BeN3 monolayers.

adsorption energy of all the considered metal salts displays
negative values, ranging from −0.46 to −1.29 eV. There-
fore, a stable solid electrolyte interphase (SEI) layer could
be formed at anode surfaces. In addition, the calculated work
function of BeN is 4.60 eV, comparable to that of graphene
(4.63 eV) and B2S (4.57 eV) [50], indicating its stability when
in contact with electrolytes. Nonetheless, it is imperative to
stress that due to the exceptionally high energy density of
BeN, a comprehensive understanding and controlling of the
formation of the SEI layer is of utmost significance. There-
fore, strategies for optimizing SEI formation and stability
include choosing appropriate electrolyte compositions, addi-
tives, and electrode materials, as well as doing partial cycling
or applying another structural modification to the system can
promote the development of a robust and protective SEI.

E. Crystal structures, electronic properties, and potential as
anode materials of Be3N4, Be2N3, and BeN3 monolayers

We successfully predicted the experimentally synthesized
BeN4 [88,89] and theoretically proposed BeN2 monolayers
[90–94] using the CALYPSO method, indicating the reliabil-
ity of the methodology. Additionally, three other 2D Be-N
compounds with the stoichiometries Be2N3, Be3N4, and BeN3

have been predicted. Note that the new predicted BeN3 mono-
layer is energetically more favorable than the previously
proposed structure [95] by 0.31 eV/f.u. The convex hull di-
agram for the Be-N system based on the formation energies

(Table SV in the SM [46]) concerning isolated Be and N atoms
is shown in Fig. 6(a). One can see that in addition to BeN, our
study identified a thermodynamically stable Be3N4 and two
metastable BeN3, and Be2N3, as shown in Figs. 6(c) and 6(d).

Through phonon spectra calculations and AIMD simula-
tions, we have confirmed their dynamic and thermal stability,
respectively, as depicted in Fig. S10 in the SM [46]. Be3N4

and BeN3 are semiconductors with band gaps of 0.06 and
0.74 eV, respectively, and Be2N3 exhibits metallic properties
(Fig. S11 in the SM [46]). Given that both Be3N4 and B2N3

possess flat structures, which facilitate the smooth movement
of metal ions, we conducted further assessments of their po-
tential as anodes for Li-ion batteries. Our findings indicate that
only Be3N4 shows promise as an anode material for Li-ion
batteries. In particular, Be3N4 exhibits a specific capacity of
1129 mAh/g (refer to Be3N4Li3.5) and features a diffusion
energy barrier of 0.22 eV (Fig. 7).

IV. CONCLUSIONS

In summary, our study extensively explores the Be-N
system through a combination of the CALYPSO method and
first-principles calculations. We have successfully identified
a nodal-line semimetal, BeN, as a highly promising anode
material for Li-ion batteries, boasting an extraordinary ul-
trahigh energy density of 9681 mWh/g. This remarkable
performance is attributed to its substantial specific capac-
ity of 3489 mAh/g and a relatively low average OCV of
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FIG. 7. (a) Possible adsorption sites in the Be3N4 monolayer. (b) Li atoms diffusion pathways on Be3N4. (c) Corresponding diffusion
energy barrier for Li atom on Be3N4. (d) Evolution of energy of Be3N4Li4 during AIMD simulations at 300 K. The insets are the images of
structures at the beginning and end of the 10 ps simulation.

0.15 V. Significantly, this energy density value surpasses that
of the most currently known 2D Li-ion battery anode ma-
terials. The BeN monolayer exhibits outstanding electronic
conductivity and possesses a unique “self-doping” effect aris-
ing from the formation of Be or N vacancies. Additionally,
the BeN anode demonstrates several other desirable charac-
teristics. It presents an energy barrier of 0.30 eV for rapid
Li-ion migration, exhibits robust wettability with solvent
molecules, maintains good phase stability during Li-ion inser-
tion/extraction processes, and experiences only a minor 0.96%
area expansion during lithiation. These qualities collectively
establish the BeN monolayer as a promising candidate for
nodal-line semimetal anodes in Li-ion batteries.
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APPENDIX A: COMPUTATIONAL DETAILS

The cohesive energy (Ecoh) is a useful parameter to eval-
uate the possible synthesis of the BexNy monolayer, which is

calculated according to the following equation:

Ecoh = (EBexNy − yEN − xEBe)/(x + y),

where EBexNy , EN, and EBe are the total energies of the BexNy

monolayer, isolated N atom and Be atom, respectively. x, and
y are the number of Be and N atoms, respectively.

The formation energy of a defect (E f ), determining the
possibility of its existence in BeN, can be calculated by

E f = Edefect + EBe/N − EBeN,

where Edefect and EBeN are the total energies of the defective
and intrinsic BeN monolayer, respectively. Also, EBe/N repre-
sents the energy of an isolated Be/N atom.

The adsorption energy (Ead), for the metal atom on BexNy

monolayer is calculated as follows:

Ead = EBexNyM − EBexNy − μM,

where EBexNyM and EBexNy are the total energies of metal-
loaded BexNy and intrinsic BexNy, respectively; μM is the
chemical potential of Li/Na in their bulk states.

Similarly, the adsorption energy (Ead-mol), for the solvent
molecules and metal salts on the BeN monolayer is calculated
as follows:

Ead-mol = EBeNZ − EBeN − μz,

where EBeNZ and EBeN are the total energies of solvent
molecules absorbed on the BeN monolayer and intrinsic
BeN, respectively, and μZ is the energy of isolated solvent
molecules or metal salts.
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The layer-layer average adsorption energy (Eave) is defined
as

Eave = Eall-BexNy − E(a−1)−BexNy − xμLi/Na

x
,

where a represents the number of adsorbed Li/Na-ion
layers, Eall-BexNy and E(a−1)-BexNy are the total energies of
BexNy electrode with a and (a − 1) layer(s) of adsorbed
Li/Na atoms, respectively; μLi/Na is the chemical poten-
tial of the Li/Na atom in bulk; and x refers to the largest
number of adsorbed Li/Na atoms in one layer (on both
sides).

The theoretical specific capacity (C) is evaluated by

C = zxmaxF

MBexNy

,

where z is the number of valence electrons (z = 1 for Li/Na),
xmax is the maximum number of adsorbed Li/Na atoms, F is
the Faraday constant (26 801 mAh/mol), and MBexNy is the
molar mass of the BexNy monolayer.

The average open-circuit voltage (Vave) is roughly evalu-
ated by

Vave ≈ −Eave

xe
,

where Eave and x are the layer-layer average adsorption energy
and the largest number of adsorbed Li/Na atoms in one layer
(on both sides), respectively.

Applying the Nernst equation, we can determine the elec-
tromotive force, denoted as OCP, as follows

OCP = G/nF .

In this equation, G stands for the Gibbs free energy, n repre-
sents the equivalents of reactants converted into products per
mole, and F is the Faraday constant. Notably, “nF” denotes
the quantity of electricity passing through the cell, measured
in coulombs. Thus, the average open-circuit voltage and OCP
are found to be equivalent.

The area expansion (ε) for the BeN monolayer during the
insertion of adatoms can be defined as

ε = A − A0

A0
,

where A0 and A are the area of BeN and the area of the largest
number of Li/Na atoms absorbed on BeN, respectively.

APPENDIX B: POTENTIAL OF Be3N4 AS ANODES
FOR Li-ION BATTERIES

For the Be3N4 monolayer, 14 adsorption sites based on
structural symmetry have been selected [Fig. 7(a)]. As shown
in Table S3 in the SM [46], the Li atom tends to adsorb at
the H2 and H1 sites, with the adsorption energy of −0.95
and −0.91 eV, respectively. We have chosen two diffusion
pathways [paths 1 and 2, as depicted in Fig. 7(b)] to assess
the mobility of Li ions. The lowest diffusion energy barrier
for the Li atom is 0.22 eV along path 2 [Fig. 7(c)]. The max-
imum adsorption Li concentration corresponds to Be3N4Li4,
in which the Be3N4 monolayer adsorbs one-layer Li atoms on
both sides. AIMD simulations at 300 K for 10 ps demonstrate
that the Be3N4 monolayer is distorted when multiple Li atoms
are adsorbed, and two Li atoms tend to escape after 10 ps
[Fig. 7(d)]. Therefore, the calculated theoretical capacity is

FIG. 8. (a) Eight possible adsorption sites in the Be2N3 monolayer. (b) Li atoms diffusion pathways on the Be2N3 surface. (c) Diffusion
pathways and the corresponding diffusion energy barrier. (d) Evolution of energy of Be2N3Li4 during MD simulations at 300 K. The insets are
the images of structures at the beginning and end of the 10 ps simulation.
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1129 mAh/g for Be3N4Li3.5. Although the value is smaller
than that of the BeN monolayer, it is still higher than those of
most 2D materials, such as borophene, silicene, etc. (Table I).

APPENDIX C: Be2N3 IS NOT SUITABLE
ANODES FOR Li-ION BATTERIES

As shown in Fig. 8, for the Be2C3 monolayer, eight poten-
tial adsorption sites are considered, and the Li atom ultimately

only adsorbs at the center of the ring, with the lowest ad-
sorption energy of −0.39 eV at the H1 site. We explored
two possible paths for Li atom migration, and the lowest
diffusion energy barrier for the Li atom is 0.16 eV. The max-
imum adsorption Li concentration corresponds to Be2N3Li4,
in which the Be2N3 monolayer adsorbs one-layer Li atoms on
both sides. However, AIMD simulations have confirmed that
Be2N3Li4 undergoes folding at 300 K after 10 ps. Therefore,
Be2N3 is not suitable as an anode for Li-ion batteries.
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