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iction on net boroxene as
a promising Li/Na-ion batteries anode

Chunlai Huang,ab Junping Hu *ab and Chuying Ouyangc

Novel two-dimensional (2D) electrodematerials have become a new frontier for mining electrodematerials

for Li-ion batteries (LIBs) and Na-ion batteries (NIBs). Herein, based on first-principles calculations, we

present a systematic study on the Li and Na storage behaviors in Calypso-predicted completely flat 2D

boron oxide (l-B2O) with large mesh pores. We start our calculations from geometrical optimization,

followed by a performance evaluation of Li/Na adsorption and migration processes. Finally, the specific

capacity and average open-circuit voltage are evaluated. Our study reveals that l-B2O has good electrical

conductivity before and after Li/Na adsorption and the Li/Na diffusion barrier height and average open-

circuit voltage are both low, which is beneficial to the rate performance and full-cell operation voltage,

respectively. Furthermore, it suffers a small lattice change (<1.7%), ensuring good cycling performance. In

particular, we find that the Li and Na theoretical specific capacities of l-B2O can reach up to

1068.5 mA h g−1 and 712.3 mA h g−1, respectively, which are almost 2–3 times higher than graphite

(372 mA h g−1). All the above outcomes indicate that 2D l-B2O is a promising anode material for LIBs

and NIBs.
1. Introduction

New energy storage technologies can effectively avoid the
intermittency of renewable energy power generation and help
smooth out user demand to boost energy utilization
efficiency,1–5 among which lithium-ion batteries are key
components for mobile electrical devices, EVs, and large-scale
energy storage stations.6–10 However, as the demand for energy
storage continues to grow, the existing Li resources fall short in
meeting the demand, leading to a signicant increase in the
cost of LIBs.11 Considering this, Na ion batteries are expected to
achieve partial substitution among small and micro EVs and
large energy storage stations in view of their comparatively
lower prices and abundant Na resources.12,13

Whether it concerns LIBs or NIBs, the most critical material
is still the electrode material. Good electrode materials are
conducive to achieving high specic capacity and high power,
thus realizing fast and large charging mode.14 Electrode mate-
rials are divided into positive and negative electrode materials.
At present, the research on positive electrode materials is rela-
tively abundant, but the research on negative electrode mate-
rials is relatively small.15,16
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With the discovery of graphene,17 more and more 2D mate-
rials have been successfully prepared. The emergence of these
2D materials has given more possibilities to optimize the elec-
trode materials for secondary batteries due to their large
specic surface area and high electronic conductivity, making it
possible to store large amounts of metal ions for higher
capacity.18 The diffusion rate of metal ions along the surface of
2D materials is generally fast, which facilitates the rate perfor-
mance.19 More importantly, 2D electrode nanomaterials do not
show large volume changes during battery charging and dis-
charging, thus maintaining structural integrity during cycling.20

Therefore, in recent years, 2D materials have been intensively
studied in the eld of energy storage devices.21,22

For negative electrode materials, to obtain higher theoretical
capacity, their own atomic weight should be relatively low, for
example, among all 2D materials, boron-based 2D materials are
predicted to have the highest theoretical capacity at present.23

Recently, we used Calypso,24 a very popular material structure
prediction soware, to obtain a new type of 2D material that is
more stable in energy than its counterpart two-dimensional
boron oxide of the same scale.25 It is worth noting that due to
the electron-decient nature of boron atoms, which makes B–B
bonds unstable in borophene,26,27 and the experimental results
that B–O bonds are more stable than B–B bonds under oxygen-
rich conditions,28 the possibility of the experimentally success-
ful preparation of 2D “BxOy” predicted by Calypso is increasing;
therefore, there are more and more theoretical and experi-
mental studies on 2D “BxOy” materials,29,30 including 2D B2O.
To the best of our knowledge, our predicted 2D B2O here has not
© 2023 The Author(s). Published by the Royal Society of Chemistry
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been studied regarding the direction of electrode materials for
LIBs or NIBs.

Motivated by the discussions above, herein, using rst-
principles calculations, we systemically examine the Li and Na
storage behaviors in completely at 2D boron oxide (l-B2O) with
large mesh pores. We start our calculations from geometrical
optimization, followed by the performance evaluation of Li/Na
adsorption and migration processes. Finally, specic capacity
and average open-circuit voltage are evaluated. Our study
reveals that l-B2O has good electrical conductivity before and
aer Li/Na adsorption, the Li/Na diffusion barrier height and
average open-circuit voltage are both low, which is benecial to
the rate performance and full-cell operation voltage, respec-
tively. Furthermore, it suffers a small lattice change (<1.7%),
ensuring good cycling performance. In particular, we nd that
the Li and Na theoretical specic capacities of l-B2O can reach
up to 1068.5 mA h g−1 and 712.3 mA h g−1, respectively, which
are almost 2–3 times higher than graphite (372 mA h g−1). All
the above outcomes indicate that 2D l-B2O is a promising anode
material for LIBs and NIBs.

2. Computational methods

The structural predication of the l-B2O was obtained via crystal
structure analysis performed by particle swarm optimization
(CALYPSO).31–33 Just based on the given chemical composition,
the CALYPSO code can efficiently search out the ground or
metastable structures. All key parameters are chosen from the
default values of Calypso soware. For example, PopSize = 30
and Kgrid = 0.12 0.06. Our rst-principles calculations are
based on the density functional theory with the plane-wave
pseudopotentials34,35 realized in the Vienna Ab initio Simula-
tion Package (VASP).36,37 The exchange-correlation functional is
Fig. 1 (a and b) Are given for the side and top views of optimized structu
(ELF) and (d) phonon spectrum curve. In (a and b), the green balls are B ele
2 supercell for l-B2O.

© 2023 The Author(s). Published by the Royal Society of Chemistry
modeled in the generalized gradient approximation (GGA) with
the Perdew-Burke-Ernzerhof (PBE)38,39 realization. Boron 2s22p1,
oxygen 2s22p6, lithium 2s1, and sodium 3s1 electrons are treated
as valence electrons. A 520 eV cutoff energy is used for the plane
wave expansion of the wave functions. The Brillouin zone is
sampled with 3 × 3 × 1 and 5 × 5 × 1 mesh Monkhorst–Pack k-
point mesh40 for the structural optimization and electronic
structure calculations, respectively. The criteria of convergence
for the energy and forces are 10−5 eV and 10−3 eV Å−1, respec-
tively. Phonon spectra calculations were conducted with the
Phonopy package.41

3. Results and discussion
3.1 Lattice structure

Aer total relaxation, the lattice structure for l-B2O is shown in
Fig. 1(a) and (b). For the optimized 2 × 2 supercell, which
contains 16 B atoms and 8 O atoms, the corresponding lattice
constants are a = b = 10.822 Å, the rhombic cell angle is
138.638°, as shown in Fig. 1(a), and the individual bond lengths
are 1.571 Å (b1), 1.569 Å (b2), 1.623 Å (b3), 1.477 Å (b4), and 1.704
Å (b5). As shown in Fig. 1(a), the atomic structure of l-B2O
possesses completely planar net conguration, and its space
group is Amm2 (no. 38). The electron localization function (ELF)
is illustrated in Fig. 1(c), showing that each O atom is strongly
bonded to three adjacent B atoms and between B and B atoms.
The phonon spectrum of l-B2O shows no imaginary frequency
modes, as plotted in Fig. 1(d); hence, this conguration is
dynamically stable. Moreover, by comparing the total energy of
the system with other B2O-type structures42,43 of the same
chemical composition, we found that l-B2O is 0.12 eV per unit
lower in total energy than their proposed structure. This implies
that l-B2O is more stable energetically. This means that l-B2O is
re of flat boron oxide (l-B2O), and (c) its electron localization function
ments, and red balls are O atoms. The grey dashed line outlines the 2×

RSC Adv., 2023, 13, 16758–16764 | 16759

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra03007e


Table 1 Bader charge analysis

Average charge state

B O Li Na
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more energetically stable, and since the experimental synthesis
is still in the exploratory stage, this is more conducive to the
successful experimental preparation of l-B2O by chemical vapor
deposition (CVD), hydrothermal synthesis, solvothermal
method, mechanical stripping, and redox stripping.44
B16O8 2.211 7.577
LiB16O8 2.259 7.590 0.136
Li8B16O8 2.584 7.628 0.204
NaB18O9 2.258 7.593 0.119
Na8B16O8 2.459 7.626 0.454
3.2 Li or Na adsorption

To initially clarify whether l-B2O can be used as an electrode
material for Li/Na ion batteries or whether it is more suitable as
a cathode or anode material, it is necessary to investigate the
adsorption behavior of individual Li or Na atoms on the l-B2O
monolayer. Depending on the atomic structure symmetry, three
possible types of adsorption sites are regarded, i.e., hollow sites
(above the center of B/O ve-membered ring or eight-membered
ring), top sites (above B or O atoms), and bridge sites (above the
B–O bond center).

The adsorption properties are given by the estimation of the
adsorption energies, the denition is as follows.

Ead = EB16O8
− EB16O8M

− EM (1)

where M denotes Li or Na, EM is the average energy of Li atoms
in Li or Na metals, and EB16O8

is the total energies of l-B2O.
EB16O8M is the total energies of l-B2O aer M adsorption. All the
total energies are based on completely structural optimizations.

A negative Ead value implies that Li or Na can spontaneously
adsorb on the l-B2O without forming a cluster; in contrast, its
positive values suggest that Li or Na is more inclined to form
clusters. By comparing the magnitude of the adsorption energy,
we determined the most stable conguration for Li or Na
adsorption, as shown in Fig. 2(c) and (d), in which the Li or Na
atom are both located above the hollow site of the B–O–B ring.
The Li adsorption energy are −0.17 eV, and the Na adsorption
Fig. 2 (a) Side view of the most stable Li adsorption configuration; (b) sid
corresponding top views of the configurations in (a and b); (e and f) corre
rB16O8

− rM, M = Li, Na. rB16O8M, rB16O8
, and rM are the total charge of th

represent electron losses and gains.

16760 | RSC Adv., 2023, 13, 16758–16764
energy is −0.20 eV, implying that l-B2O has a great possibility to
be utilized as the LIBs/NIBs anode. In addition, we performed
Bader charge analysis calculations, which is tabulated in Table 1
and reveals that about 0.86e and 0.88e are shied to the B16O8

monolayer aer the adsorption of Li and Na, respectively. To
better understand the interaction behavior between Li/Na and
2D l-B2O, as shown in Fig. 2(e) and (f), we drew the charge density
difference curves for the two most stable adsorption conforma-
tions. It can be seen that the electrons in both adsorption
congurations tend to cluster around the B–O–B ring, while their
density decreases around the Li or Na atoms. Both results indi-
cate a strong interaction between Li (Na) and B16O8 monolayers,
which is favorable for the high capacity obtained.

Moreover, we execute the electronic structure calculations
for B16O8 and its most stable Li/Na adsorption congurations of
l-B2O, i.e., B16O8Li/B16O8Na, because it is important for its
function as electrodes for LIBs or NIBs. The results are shown in
Fig. 3. As we can see, for B16O8, there is an energy gap of 0.13 eV
near the Fermi energy level, which still indicates that B16O8 has
good electronic conductivity. Crucially, this energy gap disap-
pears when Li or Na is adsorbed, which means that the elec-
tronic conductivity becomes better and that most of the
e view of the most stable Na adsorption configuration; (c and d) are the
sponding charge density difference profiles, calculated by r= rB16O8M −
e system, B16O8 and Li atom, respectively. The blue and yellow areas

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Density of states (DOS) for (a) B16O8 and its lithiated and
sodiated phase, i.e., (b) B16O8Li and (c) B16O8Na.
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electronic states near the Fermi energy level are contributed by
the B atom.

3.3 Li or Na diffusion

It is well-known that rate performance is another key parameter
of Li- or Na-ion batteries. To evaluate it, we performed the
calculation of the diffusion barrier, i.e., we determined the
Fig. 4 (a) The considered Li/Na migration pathways correspondingly; (b
profiles for Na on l-B2O.

© 2023 The Author(s). Published by the Royal Society of Chemistry
optimal path of diffusion and calculated its corresponding
diffusion barrier using the climbing image nudged elastic band
(CL-NEB) method.45 For l-B2O monolayer utilized as the Li-ion
batteries electrode material, we consider the three pathways
representing all the possible diffusion paths, as shown in
Fig. 4(a). The initial and nal states are both the most stable Li/
Na adsorption congurations. The corresponding energy
barriers for Li migration are plotted in Fig. 4(b), where the
saddle points for each path are found. Similarly, for l-B2O
monolayer utilized in Na-ion batteries, the energy barriers and
migration pathways proles are shown in Fig. 4(c), and the
saddle points are also found for each path. Obviously, the Li
diffusion barriers are higher than that of the Na diffusion
barrier for each corresponding migration way. For both cases,
the path 3 migration ways possess the lowest diffusion barrier,
which is 0.38 eV for Li and 0.25 eV for Na.

The above calculation results suggest fast Li or Na diffusion
on l-B2O, which is expected to give good rate performance of l-
B2O as an anode. To better explain the energy barriers, we relate
the calculated Li or Na migration energy barriers with diffusion
coefficients, expressed as follows.46–48

D ¼ d2n0e

�
� Ea

kBT

�
(2)

where d is the migration distance of the above pathways, Ea is
the diffusion barrier, kB is the Boltzmann constant, T is absolute
temperature, and n0 is the vibrational frequency, depending on
the phonon frequency, and usually has a magnitude of 10 THz,
) the diffusion barrier profiles for Li on l-B2O; (c) the diffusion barrier

RSC Adv., 2023, 13, 16758–16764 | 16761
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Table 2 Theoretically calculated Li/Na diffusion coefficients of l-B2O

d (Å) Ea (eV)

Diffusion coefficient (cm2 s−1)

T = 250 K T = 300 K T = 350 K

Li Path 1 7.07 0.85 4.26 × 10−19 2.98 × 10−16 3.21 × 10−14

Path 2 20.62 0.79 6.23 × 10−17 2.71 × 10−14 2.08 × 10−12

Path 3 4.45 0.38 4.79 × 10−10 8.90 × 10−9 7.18 × 10−8

Path 4 26.79 1.60 3.81 × 10−33 9.13 × 10−28 6.35 × 10−24

Na Path 1 6.28 0.65 3.71 × 10−15 5.51 × 10−13 1.96 × 10−11

Path 2 0.65 0.39 4.86 × 10−12 1.02 × 10−10 8.99 × 10−10

Path 3 4.07 0.25 1.48 × 10−7 1.03 × 10−6 4.10 × 10−6

Path 4 15.39 0.58 6.01 × 10−13 5.15 × 10−11 1.24 × 10−9
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where n0 is chosen to be about 1013 Hz. For each pathway, the
higher energy barrier is chosen to determine the corresponding
diffusion coefficient here. The results in Table 2 indicate that
the diffusion coefficients of Na are all higher than those of Li.
For Li-ion batteries anode, the values of Li diffusion coefficient
in graphite range from 1.12 × 10−10 to 6.05 × 10−11 cm2 s−1.49

For Na-ion batteries anode, the Na diffusion coefficients range
from 10−6 to 10−11 cm2 s−1 at room temperature (300 K), which
are sufficiently high enough to achieve a good rate performance.
Fig. 5 The dependence of the average OCV on the number of
embedded (a) Li or (b) Na, in which the embedded graph is the
structure of B2O embedded in the maximum number of embedded
lithium or sodium. The blue balls here are Li atoms, the yellow ones are
Na atoms, and the green and red balls are B and O atoms, respectively.
3.4 Average open-circuit voltage (OCV) and theoretical
capacity

It is well known that the storage capacity and open-circuit
voltage of lithium-ion or sodium-ion batteries are crucial indi-
cators to measure their performance. To further examine these
properties, based on the discussion in the last section, we now
increase the concentration of the Li or Na adsorption on l-B2O
monolayer. For estimating the maximum storage capacity, we
continued to use a 2× 2 supercell with an increasing number of
Li or Na atoms sandwiched on either side of the host. We
simulate here the half-cell reaction with M/M+ (M = Li, Na) as
follows.

B16O8 + xM+ + xe− 4 B16O8Mx (3)

where x is the amount of intercalated atoms.
The average OCV can be obtained by computing the total

energies difference before and aer M intercalation. To obtain
more accurate total energies value, all the congurations are
fully relaxed. In addition, usually the entropy and volume effects
are negligible during the reaction. Hence, the average OCV for
one intercalation reaction involving xM+ ions can be calculated
from the corresponding total energies difference as follows.

VOCV = (EB16O8
+ xEM − EB16O8Mx

)/x (4)

where again M denotes Li or Na, EM is the average energy of Li
atoms in Li or Na metals, and EB16O8

is the total energy of l-B2O.
EB16O8Mx

is the total energies of l-B2O aer xM adsorption.
As mentioned before, according to the adsorption energies

for Li or Na adsorption and eqn (1), l-B2O should be suitable to
be utilized as an anode material for both LIBs and NIBs. As for
16762 | RSC Adv., 2023, 13, 16758–16764
LIBs or NIBs anode, the rst considered position of adsorbed Li/
Na atoms are at the top of the hollow sites (see Fig. 2) due to the
least adsorption energy. In addition, the Li/Na layer could
symmetrically adsorb on both the sides of the l-B2O monolayer.
Aer the rst layer adsorption, we add more Li/Na to the host
layer. For Li adsorption, we nd that when we initially put more
Li atoms to the host layer with higher distance than the rst Li
layer; all the Li atoms relaxed to the same height, as shown in
Fig. 5(a). Conversely, the Na atoms are different, and a different
distribution of Na atomic layers can be clearly seen. Therefore,
we calculated the relationship between different numbers of
embedded Li or Na and the average OCV, as shown in Fig. 5. For
the case of Li-embedded, the Li-embedded voltage is basically
decreasing when the number of Li-embedded is 2, 4, 8, and 12,
but with 16 Li-embedded, the Li-embedded voltage becomes
−0.103 V, which means that B16O8 can accommodate up to 12
Li-embedded. For the case of embedded Na, when the number
© 2023 The Author(s). Published by the Royal Society of Chemistry
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of embedded Na is 2, 4, or 8, the average OCV is also greater
than 0 V; when embedded to 12, the average OCV becomes
−0.003 V, indicating that the maximum number of embedded
Na is 8.

Then, we can obtain the theoretical capacity (Ct) through the
following equation.

Ct = xF/3.6Ml-B2O
(5)

where x is the maximum number of electrons involving the half-
cell reaction, F is the Faraday constant, andMl-B2O is the mass of
l-B2O in g mol−1. The calculated theoretical capacity for LIBs
and NIBs are 1068.5 mA h g−1 and 712.33 mA h g−1, respectively;
the corresponding chemical formula are B2OLi1.5 and B2ONa,
respectively. For serving as LIBs anode, the storage capacity of l-
B2O can be 2 times that of Zr2B2 (526 mA h g−1 (ref. 50)), lower
than that of b12-borophene (1984 mA h g−1 (ref. 51)), c3-bor-
ophene (1240 mA h g−1 (ref. 51)), and Si2BN (1158.5 mA h g−1

(ref. 52)). For serving as the NIBs anode, the storage capacity of
l-B2O can be higher than that of MoS2 (146 mA h g−1), Mo2C
(132 mA h g−1 (ref. 53)), Ti2C (536 mA h g−1 (ref. 54)), and
Zr2CO2 (474 mA h g−1 (ref. 55)), lower than that of phosphorene
(865 mA h g−1(ref. 56)) and ScC2 (777 mA h g−1 (ref. 57)). In
addition, we extract the information about the lattice constants
from the above calculation results and then compare the
changes of the lattice constants, indicating that during the
intercalation and deintercalation process, the supercell lattice
constants in the xy plane only change about 1.7% for Li and
0.01% for Na, respectively, which is another good advantage of l-
B2O as an anode material for both LIBs and NIBs.
4. Conclusion

In this work, we demonstrate at 2D borophene oxide (l-B2O)
can be a very promising anode material for both LIBs and NIBs
using rst-principles calculations. Our study reveals that l-B2O
has good electrical conductivity before and aer Li/Na
adsorption, the Li/Na diffusion barrier height and average
open-circuit voltage are both low, which is benecial to the rate
performance and full-cell operation voltage respectively.
Furthermore, it suffers a small lattice change (<1.7%),
ensuring good cycling performance. In particular, we nd that
the Li and Na theoretical specic capacities of l-B2O can reach
up to 1068.5 mA h g−1 and 712.3 mA h g−1, respectively, which
are almost 2–3 times higher than graphite (372 mA h g−1).
Thus, we suggest that l-B2O is a promising anode material for
both LIBs and NIBs.
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