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Abstract
The utilization of two-dimensional porous materials as anodes in ion batteries has garnered significant interest within the 
field of clean energy because of their flexible architecture, high conductivity, rapid diffusion process and high specific ion 
capacity. Herein, we developed a new metal-free 2D porous compound, namely,  B4O2. The stability of the  B4O2 monolayer 
was verified through the ab-initio molecular dynamics simulations and phonon spectrum calculations. The results demon-
strate that the adsorption of K, Na, and Li atoms onto the  B4O2 monolayer surface is remarkably stable, with all three species 
exhibiting a shared diffusion path. Specifically, we found that the adsorption of K atoms on the  B4O2 monolayer surpasses 
that of Na and Li atoms, and the diffusion of K atoms occurs at a faster rate than Na and Li atoms on the same monolayer 
surface. The maximum theoretical specific capacity of  K+,  Na+ and  Li+ is calculated to be 626.1 mAh/g. In addition, the  B4O2 
monolayer retains good electronic conductivity and electron activity during the atomic adsorption processes. Based on our 
findings, the  B4O2 monolayer exhibits significant potential as anode material for ion batteries. This study paves the way for 
a novel approach in designing new 2D porous materials specifically tailored for energy storage and conversion applications.
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1 Introduction

In the field of energy technology, the study of high-
performance energy storage systems continues to be a 
universally important and scientifically significant topic 
[1]. Lithium-ion batteries (LiIBs) have emerged as an 
excellent energy storage system for electronic devices [2]. 
However, with the rapid advancement of new energy vehi-
cles, LiIBs are facing a number of challenges, including 
safety concerns, limited capacity and resource constraints 
[3, 4]. Currently, graphite remains the most commonly 
used anode material (AM) for LiIBs due to its cost-effec-
tiveness and durability [5]. Nonetheless, the development 
of graphite as an AM for LiIBs is restricted by its theo-
retical capacity (372 mAh/g) [6]. Therefore, the search for 
and design of battery AMs with higher specific capacity 
and superior rate performance continues to be a formida-
ble challenge.

K-ion batteries (KIBs) and Na-ion batteries (NaIBs) 
have gained increasing popularity because of their afford-
ability, high energy density, and long lifespan [7]. In the 
case of NaIBs, M.K. Butt et al. predicted that 2D SnS 
could serve as a Na ion AM with high capacity (357 
mAh/g), low open-circuit voltage (0.87 V) and low poten-
tial barrier (0.13  eV) [8]. Chen et  al. experimentally 
developed a layer-mounted structure of nitrogen-doped 
carbon FeS-FeSe2/NC, which exhibits great potential as 
an AM for NaIBs with high reversible capacity for Na 
ions (704.5 mAh/g) [9]. In the case of KIBs, Wu et al. 
experimentally prepared a composite structure of  SnO2 
nanoparticles attached to the reduced graphene oxide. 
The incorporation of  SnO2 in this structure effectively 
improves the adsorption of potassium atoms and reduces 
the diffusion potential barrier of  K+ for KIBs [10]. Based 
on these developments, NaIBs and KIBs are expected to 
emerge as the next generation of energy storage devices, 
potentially replacing LiIBs in the future.

The unique electrical, magnetic, optical, and catalytic 
properties of two-dimensional (2D) materials have led to 
their proposed applications in various fields, including elec-
tronics, spintronics, photoelectric devices, photo-electro-cat-
alysts, energy storage, and energy conversion [11–17]. In 
particular, 2D materials posses several attractive properties 
for ion batteries, including large surface area, high conduc-
tivity and fast ion diffusion [18, 19]. These properties make 
them highly promising candidates for next-generation ion 
batteries. Numerous studies have demonstrated the excellent 
performance of 2D porous materials as AMs for LiIBs. For 

instance, the 2D BSi monolayer exhibits not only a high spe-
cific capacity (689, 1034 and 1378 mAh/g), but also a low 
diffusion barrier (0.14, 0.24 and 0.37 eV) for KIBs, NaIBs 
and LiIBs, respectively [20]. The 2D Si3C monolayer dem-
onstrates a maximum specific capacity of 836, 1115 and 
1394 mAh/g for KIBs, NaIBs and LiIBs, respectively. The 
K, Na, and Li atoms share similar diffusion paths on the 
Si3C monolayer, with low diffusion barriers of 0.18, 0.34, 
and 0.47 eV, respectively [21]. The 2D GeSe monolayer 
demonstrates a maximum specific capacity of 353.65 mAh/g 
for K and Na ions, accompanied by low open circuit volt-
ages (OCVs) of 0.030 and 0.219 V [22]. Additionally, the 
predicted  PC6 [23] and  C3N3 [24] monolayers have also been 
investigated and shown to possess high performance as AMs 
for ion batteries. Therefore, it is evident that 2D materials 
utilized as AMs in ion batteries hold significant potential for 
energy storage and conversion applications.

The emergence of borophenes, a relatively new addition 
to the 2D material family, has garnered significant interest 
across the domains of chemistry, physics, and materials sci-
ence [25–27]. The electron-deficient nature of boron allows 
for the formation of complex bonding configurations, giving 
rise to a wide range of borophenes with diverse structural 
and electronic properties [17, 28]. The structural flexibility 
of borophenes gives rise to a plethora of captivating physical 
and chemical properties, including extraordinary mechanical 
flexibility [29–31], magnetism [32, 33], superconductivity 
[34–36] and the ability to host Dirac cones [37, 38]. How-
ever, it is important to note that 2D materials are generally 
susceptible to oxidation in ambient conditions because of the 
prevalence of surface atoms [39]. Furthermore, our previ-
ous works predicted two type of borophene oxide: h-B2O 
and t-B2O, which exhibit novel electronic properties. Addi-
tionally, we found that oxygen atoms have a preference 
for incorporating into the basal plane of hexagonal boro-
phene, instead of adopting the epoxide structure observed 
in silicene and graphene [15, 16].

Building upon the research on 2D materials as AMs 
in ion batteries and our prior investigations on 2D Boron 
oxide, we present a novel prediction of a 2D compound, 
 B4O2, using CALYPSO computational method [40–42]. 
Our findings demonstrate that 2D  B4O2 exhibits nonmag-
netic semiconductor properties, possessing a band gap of 
0.63 eV. To assess its potential as an AM for KIBs, NaIBs, 
and LiIBs, we further explored the diffusion and adsorption 
characteristics of K, Na, and Li atoms on  B4O2 monolayers. 
The maximum theoretical specific capacity of K, Na, and 
Li on  B4O2 was determined to be 626.1 mAh/g. Based on 
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these outcomes, we propose that 2D  B4O2 holds promise as 
an electrode material for KIBs, NaIBs, and LiIBs.

2  Computational Methodology

All simulations were conducted by density functional theory 
(DFT) [43, 44] using the Vienna ab-initio Simulation Pack-
age (VASP). The interactions between electrons and ions 
were accurately predicted using the projector-augmented 
wave (PAW) method, while the Perdew-Burke-Ernzerhof 
(PBE) version of the generalized gradient approximation 
(GGA) [45] was utilized to account for exchange–correlation 
interactions among valence electrons. Van der Waals interac-
tions were incorporated using the dispersion correction of 
DFT-D2 [46]. A plane-wave basis with a cutoff energy of 
500 eV was employed. The Brillouin zone was represented 
by Monkhorst–Pack Γ k-point mesh of 3 × 3 × 1 for structure 
relaxation and 7 × 7 × 1 k-points for correct electronic prop-
erties.The atomic positions were optimized until the total 
energy converged within  10–5 eV and the maximum force 
reached  10–2 eV Å−1. To prevent interactions between peri-
odically repeated layers, a vacuum of 15 Å was introduced 
along the z axis. The climbing image nudged elastic-band 
(CI-NEB) method was applied to locate transition states 
[47–49]. The ab-initio molecular dynamics (AIMD) simu-
lation was carried out at 300 K using a Nose–Hoover ther-
mostat (NVT) ensemble [50, 51]. The VASPKIT code was 
utilized for post-processing purposes [52].

The average adsorption energy (Ead) of n (X = K, Na or 
Li) atom on  B4O2 monolayer is given by Eq. (1)

where EnX/B4O2 is the total energies of nX atoms adsorbed on 
 B4O2 monolayer, EB4O2 is the total energies of  B4O2 mon-
olayer, EX is the chemical potential of X bulk phases, and n 
is the number of adsorbates.

The theoretical specific capacity is calculated by Eq. (2)

where  nmax denotes the maximum number of adsorbed X 
atoms on  B4O2 monolayer, F represents the Faraday con-
stant, and M is the molar mass of  B4O2.

The OCV is calculated by Eq. (3)
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The charge density difference (CDD) is obtained as 
follows:

where ρ(X/  B4O2) is the charge density of the X atom 
adsorbed on the  B4O2 monolayer, ρ(B4O2) and ρ(X) are the 
charge densities of the correspondingly isolated  B4O2 mon-
olayer and X atom.

3  Results and Discussion

3.1  Structure of the  B4O2 Monolayer

The estimated  B4O2 monolayer exhibits a planar structure 
with a rhombus unit cell (Fig. 1). After structural optimiza-
tion, its steady-state lattice parameters were determined to 
be a = b = 5.41 Å. The B-O and B-B bonds in the  B4O2 mon-
olayer contain pentagonal and octogonal rings, resulting in 
a unique porosity structure. The AIMD simulations for the 
 B4O2 monolayer at room temperature are validated its ther-
mal stability (Fig. S1a). The phonon spectrum of the  B4O2 
monolayer displays no imaginary frequencies (Fig. S1b), 
indicating that the monolayer is naturally stable.

3.2  Adsorption of K, Na, and Li Atoms on the  B4O2 
Monolayer

Considering the size effect and the calculated quantities in 
our systems, we tested the Ead values of K, Na, and Li atoms 
on the 2 × 2 × 1, 3 × 3 × 1, and 4 × 4 × 1 supercell of the  B4O2 
monolayer, and the 3 × 3 × 1 supercell was used for the fol-
lowing calculations. Six possible sites (including the hollow, 
top, and bridge sites) for K, Na, and Li atoms adsorbed on 
the  B4O2 monolayer (Fig. 1). The most stable adsorption site 
for K, Na, and Li on the  B4O2 monolayer is the  H2 sites. The 
Ead values of K, Na, and Li atoms on the  B4O2 monolayer 
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Fig. 1  Top a and side b views of the  B4O2 monolayer. B, T, and H 
represent bridge, top, and hollow sites, respectively, for the possible 
adsorption sites of K, Na, and Li on the  B4O2 monolayer. The unit 
cell and supercell are marked by the pink dotted lines
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(0.66, − 0.19 and − 0.20 eV for all) and their corresponding 
configurations are shown in Fig. 2. All Ead values exhibit 
negative values, indicating a favorable and stable adsorp-
tion of K, Na, and Li atoms on the  B4O2 monolayer. The Ead 
for K atoms on the  B4O2 monolayer is significantly higher 
compared to that of Na and Li atoms. This difference may be 
attributed to the influences of electronegativity and atomic 
radius [21]. Moreover, the Ead values of Na and Li atoms on 
the  B4O2 monolayer are lower than that of Li on the graphite 
(− 0.26 eV) [53].

3.3  Diffusion of K, Na, and Li Atoms on the  B4O2 
Monolayer

In order to achieve high charge/discharge rates in practi-
cal ion batteries, rapid ion diffusion is a crucial character-
istic that needs to be present [21]. As a consequence, we 

computed the rate at which atoms of K, Na, and Li move 
from one  H2 site on the  B4O2 monolayer to the other. Fig-
ure  3 shows the diffusion paths and the corresponding 
energy barriers. The energy barriers of diffusing K, Na, and 
Li atoms on a  B4O2 monolayer are 0.34, 0.62, and 0.83 eV, 
respectively. The diffusion energy barrier of K in  B4O2 mon-
olayer is significantly reduced compared with Li and Na, 
but comparable to those of the 2D material GeC (0.33 eV)
[54] and C-silicyne (0.34 eV) [55]. Consequently, the  B4O2 
monolayer exhibits a relatively low diffusion barrier for K 
atoms, facilitating rapid charging/discharging in K ion bat-
teries. Moreover, the diffusion of K, Na, and Li atoms on the 
 B4O2 monolayer is isotropic between these octogonal rings. 
This indicates that these ions can diffuse stably and flexibly 
on the  B4O2 monolayer for the high charge/discharge rates 
that are required in practical ion batteries.

Fig. 2  a Top and side views of the most stable adsorption sites of K, Na, and Li atoms on the  B4O2 monolayer, D is adsorption distance of 
atoms. b Ead values and adsorption distances of K, Na, and Li atoms on the  B4O2 monolayer

Fig. 3  a The diffusion pathways of K, Na, and Li on the  B4O2 monolayer. b The energy barriers for K, Na, and Li on the  B4O2 monolayer
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3.4  Electronic Properties

Charge transfer took place between K, Na, and Li ions and 
the  B4O2 monolayer during both the adsorption and des-
orption processes. Consequently, the electronic character-
istics of K, Na, and Li atoms adsorbed on the  B4O2 mon-
olayer are examined. Figure 4 displays the Total Density 
of States (PDOS) for the freestanding  B4O2 monolayer and 
the adsorption of K, Na, and Li atoms onto the  B4O2 mon-
olayer. The  B4O2 monolayer, which initially exhibits a semi-
conducting nature, transitions into a metallic state upon the 
adsorption of K, Na, and Li atoms, owing to the transfer of 
charges from these atoms to the  B4O2 monolayer. The metal-
lic state of the  B4O2 monolayer arises from the acquisition of 
electrons, resulting in the emergence of a new peak around 
the Fermi level. This phenomenon proves advantageous in 
maintaining excellent electrical conductivity for the anode.

To further understand the charge transfer among the sub-
strate and adatoms, we can intuitively plot the CDD of K, 
Na, and Li atoms adsorbed on the  B4O2 monolayer, (Fig. 5). 

The electrons are depleting (blue) from K, Na, and Li atoms 
and accumulating (yellow) on the  B4O2 monolayer. Further-
more, based on the Bader charge calculations, the charge 
transfer among K, Na, and Li atoms and the  B4O2 monolayer 
is 1 e, resulting in the ionic state of K, Na, and Li atoms, i.e. 
 K+,  Na+, and  Li+. Furthermore, the transfer of charge can 
induce a spin-polarized state in the metallic  B4O2 monolayer. 
This phenomenon suggests that when  K+,  Na+, and  Li+ ions 
are adsorbed, the electrical conductivity of the  B4O2 mon-
olayer is enhanced, resulting in a greater number of active 
electrons.

3.5  Theoretical Capacities

In addition, an excellent AM requires not only a low diffu-
sion potential but also a high specific volume. Therefore, 
we conducted an investigation on different concentrations 
(1, 2, 4, 8, 18 atoms on the 3 × 3 × 1 supercell) of K, Na, 
and Li atoms adsorbed on the  B4O2 monolayer. The most 
stable configurations of these different concentrations are 
depicted in Fig. S2, where the ions were uniformly adsorbed 
on the H2 site of the  B4O2 monolayer. The corresponding 
average Ead values of K, Na, and Li atoms adsorbed on the 
 B4O2 monolayer are presented in Fig. 6. The absolute values 
of the average Ead decreased as the atomic concentrations 
increased, primarily due to the repulsive forces between 
atoms. Additionally, the change in average Ead values for 
K atoms at different concentrations was more pronounced 
than that for Li and Na atoms, which may be explained by 
the larger radius of K atoms. The maximum number of K, 
Na, and Li atoms absorbed on the  B4O2 monolayer was 
found to be eighteen. Consequently, according to Eq. (2), 
the maximum theoretical storage capacity for K, Na, and Li 
atoms adsorbed on the  B4O2 monolayer was calculated to 
be 626.1 mAh/g, surpassing that of other materials such as 
the black phosphorus monolayer (570 mAh/g) [56] and the 
FeSe monolayer (315 mAh/g) [57].

Furthermore, as the concentration of Li, Na, and K atoms 
increases, the geometric structure of the  B4O2 monolayer 
undergoes deformation, as depicted in Fig. S2. This defor-
mation occurs because of the charge transfer between the 
Li, Na, and K atoms and the  B4O2 monolayer. The gain 
of electrons by the monolayer leads to its deformation as 
the charges redistribute. It is noteworthy that even at high 
adsorbent concentrations, the  B4O2 monolayer remains sta-
ble. This phenomenon of deformation is not exclusive to 
the  B4O2 monolayer but is also found in other 2D materials 
used as AMs, including  Si3C [21] and BP monolayer [56].

Fig. 4  PDOS of the freestanding  B4O2 monolayer and K, Na, and Li 
atoms adsorbed on the  B4O2 monolayer. The Fermi level was set to 
0 eV with a dotted line
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3.6  Open‑Circuit Voltage

OCV is a crucial parameter that indicates the capacity of 
rechargeable Li-ion batteries [6]. In this study, we esti-
mated the OCV using Eq. (3) and presented the results 
in Fig.  6. For Li on the  B4O2 monolayer, the OCV is 
approximately 0.2 V at low concentrations but decreases 
to less than 0.1 V as the atomic concentrations increase. 

The OCV for Na on the  B4O2 monolayer remains very 
small, ranging from 0.03 to 0.05 V due to weak interac-
tion. However, due to the strong interaction between K 
atoms and the  B4O2 monolayer, the OCV for K on the 
 B4O2 monolayer is increased compared to Li and Na. In 
general, a  B4O2 monolayer with an OCV of less than 1 V 
[58, 59] has significant potential as a candidate for AMs 
in KIBs, NaIBs, and LiIBs.

Fig. 5  Charge density difference 
(CDD) of Li a, Na b, and K c 
atoms adsorbed on the  B4O2 
monolayer, where yellow and 
blue indicate electron charge 
accumulation and dissipation, 
respectively. The isosurface is 
0.0008 |e|/Å3

Fig. 6  a Average Ead and b OCV of different concentrations of K, Na, and Li atoms adsorbed on the  B4O2 monolayer
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4  Conclusion

Through spin-polarized DFT calculations, we conducted 
an assessment of the performance of 2D  B4O2 monolayers 
as AMs for KIBs, NaIBs, and LiIBs. Our findings reveal 
that K, Na, and Li atoms can be stably adsorbed onto the 
surface of the  B4O2 monolayer, with a negative Ead of 
− 0.66, − 0.19 and − 0.20 eV for each atom. The most sta-
ble adsorption site is the octagonal rings formed by six B 
and two O atoms. While the diffusion pathways for K, Na 
and Li atoms on the  B4O2 monolayer are the same, they 
exhibit different energy barriers of 0.34, 0.62 and 0.83 eV, 
respectively. The maximum theoretical specific capacity of 
K, Na, and Li ions on the  B4O2 monolayer is calculated to 
be 626.1 mAh/g. This value surpasses the specific capaci-
ties of other AMs such as graphite (372 mAh/g) [60] and 
titanium dioxide (200 mAh/g) [61, 62]. Notably, this indi-
cates that K possesses the same capacity as Li and Na and 
is comparatively easier to embed and delocalize. Addition-
ally, the analysis of the electronic properties reveals that 
the  B4O2 monolayers maintain good electronic conduc-
tivity and electron activity during the atomic adsorption 
processes. Our work not only demonstrates the potential 
of the  B4O2 monolayer as a promising AM for KIBs but 
also paves the way for the development of novel 2D porous 
materials for future clean energy applications.
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