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sodium-ion batteries with high capacity and high
rate capability using DFT

Jianhua Liu,a Cheng Zhang,a Lei Xu *b and Shaohua Ju*b

Two-dimensional boron synthesized by the chemical vapor deposition method is an atomically thin layer of

boron with both light weight andmetallicity. To investigate the potential of borophene as an anodematerial

in sodium-ion batteries, first-principles calculations and ab initio molecular dynamics simulations were

carried out. The calculated results reveal that after introducing vacancy defects, the special puckered

structure becomes relatively flat and the metallic nature of the defective borophene is enhanced, while

the defects in borophene can weaken sodium adsorption. A single sodium atom is preferentially

absorbed on the BV site. The adsorption energies gradually reduce with an increase in sodium

concentration due to the increased Na–Na repulsion. The fully sodium storage phase of borophene

corresponds to NaB2 with a theoretical specific capacity of 1240 mA h g�1, which is much larger than

that of other two-dimensional materials. Most interestingly, sodium ion flows in the furrows of puckered

borophene are extremely fast with a low energy barrier of 30 meV. Meanwhile, sodium diffusion on

borophene was found to be highly anisotropic, as further verified by the results of the ab initio molecular

dynamics simulations. The sodiated-borophene nanostructure shows enhanced electronic conductivity

during the whole sodiation process, which is superior to other anode materials. Borophene is expected

to be a promising candidate with high capacity and high rate capability for anode materials in sodium-

ion batteries.
1. Introduction

Lithium-ion batteries (LIBs) have been widely applied in various
applications for portable and telecommunication electronic
devices due to their mature commercial technologies.1–5

However, faced with the increased demands of large-scale
energy storage equipment, such as electric vehicles and power
backups, concerns about the expensive cost of an Li-ion battery
system are being reviewed. Very recently, intense scientic
interest has been attracted to sodium-ion batteries (SIBs)
because of their denite advantages of lower material costs and
plentiful resources from the sea, compared to LIBs.6–9 Thus, in
large-scale energy storage applications, SIBs are promising
alternatives to replace LIBs. To date, in the pursuit of
improvements in both storage capacity and rate capability, an
extensive series of attempts have been launched to search for
appropriate anodes for SIBs,10–12 and a few materials have been
developed and successfully synthesized to be applied as anode
electrodes. Among these, explorations for anode materials are
rous Metal Resources Clean Utilization,

gy, Kunming 650093, China

ering, Kunming University of Science and
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not only limited to TiO2 oxides,13–17 alloys Sn–Sb18–20 or the
traditional nongraphitic carbon-based materials, such as
coke,21 carbon black,22 or template carbon,23 but have also
turned to low-dimensional electrode materials, such as gra-
phene and graphdiyne,24–26 carbon nanosheets,27 hollow carbon
nanowires28 and nanospheres,29 which provide a high surface-
volume ratio and unique electronic properties with large
reversible capacity, high rate capability and long cycle life.
Meanwhile, other novel low-dimensional materials are attract-
ing increasing interest. For example, MoS2 nanoowers were
synthesized by Z. Hu et al.30 and used as a high performance
anode in Na-ion batteries with high discharge capacities of
350 mA h g�1 at a current density of 0.05 A g�1, 300 mA h g�1 at
1 A g�1, and 195 mA h g�1 at 10 A g�1. Single-layer exfoliated
MoS2 nanosheets exhibit a rst discharge capacity of
376 mA h g�1, which is higher than that of pure MoS2 nano-
sheets and those (200–240 mA h g�1) of hard carbonmaterials.31

In late 2015, a new 2D material known as borophene (crys-
talline 2D boron sheets) was reported, which was successfully
synthesized on an Ag (111) surface under ultrahigh-vacuum
conditions by the groups of Oganov, Hersam, and Guisinger.32

More interestingly, borophene exhibits potential applications
for an anode material in LIBs with an attractive high specic
capacity of 1860 mA h g�1 and an extremely low energy barrier
of 2.6 meV for Li diffusion due to its unique puckered
RSC Adv., 2018, 8, 17773–17785 | 17773
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morphology and metallic characteristics, which were conrmed
by H. R. Jiang et al. with density functional theory (DFT) and ab
initiomolecular dynamics (AIMD) simulations.33 Inspired by the
excellent performance of borophene as an anode material for
LIBs, a question in our heads was whether it is possible to use
borophene as the anode of SIBs. To the best of our knowledge,
to date, hardly any research experimental effort on the sodium
storage on borophene has been reported, even for theoretical
calculations. To answer this question, a detailed study on the
storage and diffusion of sodium on borophene is urgently
needed.

To evaluate its potential as an anode material in SIBs and the
effect of defects on the sodium storage and diffusion on bor-
ophene, herein, rst-principles calculations based on density
functional theory (DFT) and ab initio molecular dynamics
(AIMD) simulations were rstly performed to examine the
energetics and dynamics of sodium on both a perfect and
a defective borophene monolayer. The structure of pure bor-
ophene was rstly optimized and the electron density data were
also obtained. The adsorption energies and Mulliken charges of
sodium on possible high-symmetry adsorption sites of both
perfect and defective borophene monolayers were calculated. In
order to locate the maximum theoretical sodium storage
capacity, the most stable structures of sodiated borophene with
increasing sodium concentration were investigated accordingly.
By using both the LST/QST method and AIMD simulation, the
migration process of sodium ions in two representative direc-
tions of the borophene monolayer was probed. Finally, the
electronic conductivity of sodiated borophene was further
investigated by calculating the electron density of states (DOS).

2. Computational methods

In this work, all calculations were performed using the Cam-
bridge Sequential Total Energy Package (CASTEP) based on
density functional theory (DFT). The Perdew–Burke–Ernzerhof
(PBE)34 exchange function of the GGA was chosen for calcula-
tion and the ultraso pseudo potentials (USPP) introduced by
Vanderbilt35 were employed for all the ion-electron interactions.
Herein, B 2s2 2p1 electrons and Na 2p6 3s1 electrons were
explicitly regarded as valence electrons. Convergence with
respect to both energy cutoff and k-point mesh have been
strictly tested. Aer a comprehensive consideration of the
convergence tests and computational efficiency, an energy
cutoff of 500 eV was chosen to ensure that the total energies
converged within 1 � 10�4 eV per atom. Brillouin zone
sampling for borophene was carried out with a 25 � 15 � 1
mesh using the Monkhorst–Packmethod.36 For all the following
supercell calculations, k-point meshes with the same density as
the unit cell were used. The energy convergence criterion for the
self-consistent eld (SCF) calculation was set to 1 � 10�6 eV per
atom.

In order to locate the most-stable conguration of bor-
ophene and sodium-stuffed borophene, atom and cell optimi-
zation were performed beforehand using total energy
minimization methods. The total-energy difference was within
10�6 eV per atom, the maximum force was within 10�4 eV Å�1,
17774 | RSC Adv., 2018, 8, 17773–17785
the maximum stress was within 0.01 GPa and the maximum
atom displacement was within 10�4 Å. Two-dimensional peri-
odic boundary conditions were introduced to all the calcula-
tions for borophene and the sodiated borophene monolayer.
Moreover, to simulate the monolayer and eliminate the inter-
actions between adjacent conformations, a vacuum region of 20
Å was also applied in the direction perpendicular to the bor-
ophene and sodiated borophene plane.

The AIMD simulations were carried out with a 5 � 3 bor-
ophene supercell containing one sodium atom at a room
temperature of 300 K using a statistical ensemble with a xed
particle number, volume and temperature (NVT). The time step
was set to be 1 fs to ensure an energy dri of less than 1 meV per
atom per ps. The system was rst equilibrated for 8 ps and the
following 2 ps were used for mean square displacement (MSD)
analysis and trajectory sampling. An energy cutoff of 350 eV, a 3
� 3 � 1 k-point mesh and a periodic boundary condition were
employed during the AIMD simulation.
3. Results and discussion
3.1 Structure of monolayer borophene

Firstly, the structure of monolayer borophene was relaxed. Fig. 1
presents the structure of monolayer borophene aer optimiza-
tion and calculated electron densities. Unlike the 2D plate
structure of graphene,37,38 borophene has a special puckered
surface with two atomic boron layers (pink or yellow atomic
layers in Fig. 1), and the corrugations along the a-direction are
repeated. Our calculated lattice parameters of the unit cell are
a ¼ 1.610 Å and b ¼ 2.858 Å, in fairly good agreement with the
reported experimental and theoretical results,32,33,39 generally
within 0.005 Å. In borophene, each boron atom is covalently
bonded with six neighbors and resides in the center of a boron
hexatomic-ring (top view of Fig. 1c), with two of them in the
same atomic layer and the other four in the neighboring atomic
layer, leading to a rhombohedral repeating unit. The optimized
B–B bond length is 1.610 Å for those atoms in the same atomic
layer and 1.873 Å for those atoms within different atomic layers.
Accordingly, there are two kinds of B–B–B bond angles: one is
64.56� and the other is 50.88�. Moreover, viewed from the plot of
electron densities (Fig. 1e and f), many electrons locate in the
area between two boron atoms, indicating that all B–B bonds
are covalent.
3.2 Defects in borophene

Given that intrinsic defects play a signicant role in lithium
storage and diffusion on 2D materials40,41 and the fact that
defects may inevitably be produced in the process of synthesis,
in this work, it is highly necessary to evaluate the effect of an
intrinsic defect on sodium storage and diffusion on borophene.
Because of the equivalency of all the boron atoms, there is only
one type of single or double vacancy conguration before
structural optimization. Therefore, removing one atom or two
adjacent boron atoms from the (5� 3) supercell creates a single
or double vacancy defective conguration, respectively, for
borophene without absorbed sodium. The optimized structures
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Side views (a) and (b); top view (c) and 3D view (d) of the optimized structure for (5 � 3) monolayer borophene; electron densities (unit:
electrons per Å3) in (e) the [100] and (f) the [010] direction. For ease of visualization, the boron atoms in different atomic layers are marked in
either pink or yellow.
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of monolayer borophene with single or double vacancy defects
are depicted in Fig. 2a and b, respectively. Viewed from Fig. 2a
and b, missing a B atom creates a six-membered ring with
a hollow and the double vacancy defect forms an eight-
Fig. 2 Top and side views of the optimized structures for (a) borophene
defect.

This journal is © The Royal Society of Chemistry 2018
membered ring with a bigger hollow, which may benet
sodium migration across borophene layers. Besides, it is worth
noting that aer introducing vacancy defects the special puck-
ered phenomenon around the hollow is mitigated, and the local
with a single vacancy defect and (b) borophene with a double vacancy

RSC Adv., 2018, 8, 17773–17785 | 17775
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borophene surface becomes relatively at, which may have
a pronounced effect on the interaction between sodium and
defect-containing borophene. The formation energy of a single
vacancy defect in monolayer borophene is 6.17 eV, which is
smaller than the same defects found in graphene (7.38 eV) but
higher than that in silicenene (3.01 eV), indicating that this
defect is relatively easily formed in borophene. However, the
formation energy of a double vacancy defect is 13.17 eV, more
twice than that of a single vacancy defect. The single vacancy
defect in monolayer borophene exhibits more favorable stability
than a double vacancy. Thus, the probability of two adjacent
boron atoms simultaneously moving away from their original
location to form one double vacancy is extremely small under
normal operating conditions. In the following section, the effect
of a single vacancy defect on sodium storage and diffusion in
borophene is mainly discussed.

The electronic properties of pristine and defective bor-
ophene were therefore studied by calculating their band struc-
ture and density of states (DOS), as depicted in Fig. 3. Unlike
many other 2D materials exhibiting semi-conducting or semi-
metallic characteristics,40–44 pristine and defective borophene
are both intrinsically metallic due to having many electronic
states across the Fermi level, which is also veried by previous
work.32 Therefore, it is clear that pristine borophene shows
Fig. 3 Calculated band structure and density of states (DOS) of (a)
pristine borophene and (b) borophene with a single vacancy defect.
The Fermi level is set at 0 eV.

17776 | RSC Adv., 2018, 8, 17773–17785
excellent electronic conductivity as an electrode material even
without any further structural modication or doping.
Compared to pristine borophene, the electronic structure of
defective borophene undergoes prominent changes as a conse-
quence of a single vacancy defect. It is observed that aer
introducing vacancy defects, electronic states around the Fermi
level signicantly increase compared to those of pristine bor-
ophene due to a dangling bond introduced by a boron vacancy
defect. Therefore, the metallic nature of defective borophene
becomes more prominent.
3.3 Na adsorption on pristine and defective borophene

A fundamental requirement for a promising anode material for
SIBs is that the material must have a relatively high specic
capacity, especially in high power density application such as
electric vehicles. It is known that the specic capacity is
dependent mainly on large sodium storage. For borophene, the
adsorption energy of sodium on the layer determines the
specic capacity of the borophene material. To locate the most
stable adsorption site of pristine borophene, the adsorption
behavior of a single sodium atom on the four possible high-
symmetry adsorption sites of (3 � 2) borophene was explored
rst: (a) TV sites: over the top of boron atoms in the valley; (b) BV

sites: over the mid-point of B–B bonds in the valley; (c) TR sites:
over the top of boron atoms in the ridge; (d) BR sites: over the
mid-point of B–B bonds in the ridge, as shown in Fig. 1c. The
stability of the sodiated borophene system can be estimated
from their corresponding sodium average adsorption energy
(Ea). The adsorption energies were calculated with the following
equation:45,46

Ea ¼ [ENa–borophene – (Eborophene + ENa)] (1)

where ENa–borophene, Ea borophene and ENa are the total energy of
the sodiated borophene system, the borophene and a single
sodium atom in a box, respectively.

Full geometrical optimizations for the structure of sodium
adsorption on pristine monolayer borophene were carried out.
The calculated adsorption energies (Eads), adsorption height
and Mulliken charge of a single sodium atom adsorbed on (3 �
2) borophene are listed in Table 1. It can be seen that the BV site
is the most stable one with an adsorption energy of �2.234 eV.
In this case, the distance between the sodium atom and mid-
point of the B–B bond in the valley is 2.91 Å. For the case of
sodium adsorption on TV sites, the corresponding adsorption
Table 1 Adsorption energies (Eads in eV), adsorption height (in Å) and
Mulliken charge of Na atoms (in e) of single sodium atom adsorbed on
(3 � 2) pristine borophene

Eads Adsorption height Mulliken charge

BR �1.949 2.34 0.83
BV �2.234 2.91 0.96
TR �1.957 2.45 0.84
TV �2.233 3.06 0.95

This journal is © The Royal Society of Chemistry 2018
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energy is �2.233 eV. Interestingly, the difference between this
value and that of the most stable BV site is innitesimally small
and even negligible, indicating that the sodium adsorption on
these sites along the valley is similar and may contribute to
a low diffusion barrier along this direction. For a better
understanding of this unusual phenomenon, the Mulliken
charge analysis was calculated (in Table 1). The calculated
results suggest that the electron transfer from sodium to pris-
tine borophene at the BV and TV sites has comparable values,
i.e., 0.96 and 0.95|e|, respectively. Moreover, the adsorption
energies of the sodium atom on the two ridge sites BR and TR are
�1.949 eV and �1.957 eV, respectively, which are far smaller
than those on the valley sites BV and TV. To gain further insight
into the nature of the sodium–borophene combination, the
charge density difference maps of these four high-symmetry
sites absorbed with sodium are depicted in Fig. 4a–d. It is
found that electrons tend to locate around boron atoms and the
electron density surrounding the sodium atoms is small, which
agrees with the larger electronegativity of boron (2.04) than
sodium (0.93). In addition, the extremely low values (about 0) of
the electron localization function (ELF) in the areas between the
sodium and boron atoms indicate the strong ionic nature of the
Na–B bonds, as shown in Fig. 4e–h, consistent with the above
Fig. 4 Charge density difference (a)–(d) and electron localization functi
high-symmetry sites (BR, BV, TR, TV) absorbed with sodium. The red and b
difference plot (in electrons per Å3) is calculated from r ¼ rtotal � rboro
system, borophene and sodium atom, respectively. High ELF values show
a uniform electron gas of the same density.

This journal is © The Royal Society of Chemistry 2018
analysis results from theMulliken charge. It is a remarkable fact
that lithium atoms adsorbing on the graphene surface would
form lithium clusters, which limits the application of graphene
as an anode material for LIBs.47,48 Thus, in this work, it is
absolutely necessary to compare the adsorption energy of
sodium atom on pristine borophene (�2.234 vs. sodium atom)
with the cohesive energy of sodium bulk (�1.288 eV). The result
reveals that sodium atoms are free of clusters and would form
a stable 2D layer on the pristine borophene surface at low
sodium concentration, which is benecial to the safe operation
in the process of charging and discharging of SIBs.

To examine the inuence of vacancy defects on sodium
storage in borophene, the behavior of sodium adsorption on the
sites around a single vacancy of borophene was investigated.
Considering the high symmetry of borophene, two adsorption
sites of TV and TR around the single vacancy were calculated, as
depicted in Fig. 5a and b, respectively. The results show that the
adsorption energy of sodium adsorption on the TR site around
the single vacancy is higher than that in the case of the TV site,
which is consistent with the cases of sodium adsorption on the
pristine borophene surface. Moreover, the adsorption energies
(�2.018 and �1.913 eV) of sodium adsorption on the defective
borophene surface are higher than that of sodium adsorption
on (ELF) slice maps (e)–(h) of pristine monolayer borophene with four
lue areas represent electron gains and losses, respectively. The charge

phene � rNa, where rtotal, rborophene and rNa are the total charge of the
that at the examined position the electrons are more localized than in

RSC Adv., 2018, 8, 17773–17785 | 17777
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on the pristine borophene surface with adsorption energies of
�2.234 and�1.957 eV, indicating that defects in borophene can
weaken sodium adsorption on it, so it is important to control
the generation of defects in the synthetic production of bor-
ophene material.
3.4 Theoretical capacity of sodium storage on borophene

To explore the theoretical maximum capacity of sodium storage
on borophene, the sodium adsorptions on borophene at
different concentrations were investigated by gradually loading
sodium atoms on them. The 4� 3 supercells of borophene were
used for the following adsorption calculations. Here, the x
values of NaxB24 are even numbers ranging from 2 to 14. For
each concentration, several possible congurations were
explored. The most stable structure at each x value of sodium
concentration are depicted in Fig. 6a–g and the corresponding
average adsorption energies are shown in Fig. 7. It is found that
the sodium atom prefers to locate on the TV site when x¼ 2, and
the average adsorption energy (�2.4 eV) of two sodium atoms
residing on the same side of borophene is higher than �2.12 eV
for the case of two sodium atoms residing on the upper and
lower surfaces (Fig. 6a), which means the two sodium atoms
adsorb preferentially on the two sides of borophene to reduce
the electrostatic repulsion between them. With an increase in
sodium concentration, the adsorption energy gradually reduces
(Fig. 7), which indicates a reduction in thermodynamic stability
during the process of continuous sodium adsorption. The
decrease in average adsorption energy may be due to the fact
that the weak electrostatic attractions between the borophene
host and the sodium adatoms are gradually beaten by the
enhanced Na–Na electrostatic repulsion at relatively high
sodium concentration.

The fully sodium storage phase of borophene should meet
the following four conditions: (a) it should have maximum
Fig. 5 Top and side views of the optimized structures for a sodium ato
defect.

17778 | RSC Adv., 2018, 8, 17773–17785
sodium concentration; (b) the average adsorption energy for the
sodium atom should be less than zero; (c) there should be no
sodium atom extrusion out of the borophene surface; (d) there
should be no irreversible deformation of the structure of bor-
ophene.40,49 Interestingly, sodium atoms can reside almost
anywhere in the furrows of borophene with a negligible
adsorption energy difference (<0.01 eV). Thus, the maximum
sodium concentration is dependent only on the minimum
distance between sodium atoms in the furrows. By examining
all the optimized structures and corresponding adsorption
energies, the maximum concentration of sodium adsorption on
a 4 � 3 supercell is x ¼ 12, corresponding to Na12B24, as
depicted in Fig. 6f. The adsorption energy of the Na12B24 system
is�1.485 eV/Na atom, lower than the cohesive energy of Na bulk
of�1.288 eV/Na atom, which means that sodium atoms are free
of clusters which is benecial to safe operation in the process of
sodiation. In the conguration of Na12B24, both upper and lower
surfaces of borophene are completely covered with sodium
atoms, which all reside in the furrows. Although the adsorption
energy for the case of x ¼ 14 is negative and lower than the
cohesive energy of Na bulk, with the addition of more sodium
atoms into the furrows, the added sodium atoms are decidedly
extruded out of the furrow of borophene, forming a second
sodium layer on the surface of the rst absorbed sodium layer,
as evidenced in Fig. 6g. Moreover, the stability and reversible
deformation of borophene during the repeated sodiation and
disodiation were investigated using the method proposed by
Tritsaris et al., in which all the sodium atoms were removed and
the structure was again optimized.50 Calculation shows that
aer removing all sodium atoms, the structure of borophene is
not destroyed and can be restored to its initial structure. All the
calculated results for Na12B24 meet the above four conditions
for a fully sodium storage phase; therefore, the maximum
sodium concentration using a 4 � 3 borophene supercell
m adsorption on a 5 � 3 borophene supercell with a single vacancy

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 The most stable structures at different x values of NaxB24; the x value is an even number ranging from 2 to 14 for (a)–(g), respectively.
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corresponds to NaB2 with a theoretical specic capacity of
1240 mA h g�1.

The lattice parameters of borophene at different sodium
concentrations are shown in Fig. 8. Fig. 8 indicates that even at
a concentration as high as Na0.5B, the volume expansion is less
than 2%. The uctuations of lattice parameters along with the
sodiation process are small, indicating good structural stability
when used as an anode material for sodium-based batteries.
Fig. 7 Adsorption energies as a function of sodium concentration x in
NaxB24; the x value is an even number ranging from 2 to 14.

This journal is © The Royal Society of Chemistry 2018
3.5 Na diffusion on borophene

In addition, to the high specic capacity, a good rate capability
is another requirement for a promising anode material for SIBs,
especially in high power density applications such as electric
vehicles. It is known that the rate capability is dependent mainly
on the transport properties of sodium ions and electrons, cor-
responding to the sodium diffusion barrier and electronic
conductivity of sodiated-borophene. In this work, the linear
synchronous transit/quadratic synchronous transit (LST/QST)
Fig. 8 Lattice constant as a function of sodium concentration x in
NaxB24, where the x value is an even number ranging from 2 to 14.

RSC Adv., 2018, 8, 17773–17785 | 17779
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Fig. 9 Energy profile of sodium diffusion in the X direction in the furrows and the Y direction crossing ridges (a); top and side views of sodium
diffusion in the furrows (b) and crossing the ridges (c).

Fig. 10 Calculated trajectories (a) and MSD in three directions (b) of a sodium ion during the last 2 ps by AIMD simulation.

17780 | RSC Adv., 2018, 8, 17773–17785 This journal is © The Royal Society of Chemistry 2018
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Fig. 11 Density of states (DOS) of pristine borophene and sodiated-
borophene system. The Fermi levels were shifted to zero.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
M

ay
 2

01
8.

 D
ow

nl
oa

de
d 

on
 1

/2
1/

20
26

 1
1:

49
:4

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
method combined with the conjugate gradient (CG) rene-
ments was adopted for the calculation of energy barriers of the
transition states (TS) and intermediates for Na ion migration.51

Considering the high symmetry of borophene, two main diffu-
sion pathways were calculated: one is the path in the furrows
along the X direction, and the other is the path crossing the
ridges which is perpendicular to the furrows, along the Y
direction, as depicted in Fig. 9b and c, respectively. The corre-
sponding energy proles of sodium diffusion along these two
pathways are shown in Fig. 9a. The results show that sodium
migration along the Y direction has an activation energy barrier
of 240 meV, corresponding to the transition state located on the
top of the TV adsorption site between two adjacent BV sites. In
contrast, a diffusion energy barrier of only 30 meV is found for
a sodium hopping between two BV sites along the furrows in the
X direction, much lower than that along the diffusion path in
the Y direction. This ultra-low diffusion barrier is due to the fact
that all adsorption sites in the furrows have an extremely similar
sodium adsorption state, indicating that the sodium atoms nd
This journal is © The Royal Society of Chemistry 2018
it extremely easy to diffuse along the furrows. To verify the
accuracy of our calculations of the energy barrier using the LST/
QST method, other diffusion paths starting from the TS and
moving down toward the minima along both the reactant and
the product directions were also calculated. As expected, no
energy minima were found on those paths other than the
reactant and product. It is worth noting that our calculations of
the sodium diffusion barrier are based on the results at 0 K, but
thermal vibrations in the sodiated borophene system cannot be
ignored under the actual working conditions of NIBs. To eval-
uate the effect of temperature on the molecular transition rate,
the diffusion coefficient was calculated from one-sixth of the
slope of the curve of MSD from AIMD.

To further verify the ultra-fast, highly anisotropic sodium
migration on borophene, AIMD simulations at 300 K were also
carried out subsequently, which are exible for studying any
system and provide accurate dynamic models.52 The calculated
MSD in three directions of the sodium ion during the last 2 ps of
the simulation is depicted in Fig. 10b. It is found that the Y- and
Z-coordinates of the sodium ion are relatively restricted within
a small range, indicating that diffusion along a direction
perpendicular to the furrow of the sodium ion is prohibited by
the relatively higher diffusion barrier. In contrast, the sodium
ion is allowed to move almost freely along the furrow direction
(X-direction) with an extremely large diffusion coefficient of 6.35
� 10�3 cm2 s�1 at 300 K. which is veried by the direct obser-
vation of sodium diffusion trajectories presented in Fig. 10a.
Viewed from the last 2 ps of the sodium ion trajectory, the
sodium ion is allowed to dri through the entire furrow, while
there is no visualization of a sodium ion jumping across the
ridges to neighboring sites. Interestingly, unlike most other
diffusion processes consisting of long lattice vibrations fol-
lowed by abrupt jumps,33 sodium ion ow in the furrows of
borophene is nearly ballistic with a nearly negligible migration
barrier.
3.6 Electronic structure of a sodiated-borophene
nanostructure

Electronic transport is another important factor that deter-
mines the rate capability of anode materials in SIBs; therefore,
the electronic structure of the sodiated-borophene nano-
structure was investigated by performing calculations of the
density of states (DOS), as presented in Fig. 11. Unlike many
other famous 2D materials that show a semi-conducting
nature,40,41,43,44,53,54 pristine borophene is intrinsically metallic
with a large number of electronic states around the Fermi level,
which is also veried by some published works.32,33 Thus, we can
be condent that the electronic conductivity of pristine bor-
ophene is enough for it to be used as an anode material in SIBs
even with no further structural modication. Moreover, the DOS
of these structures during the sodiation and disodiation process
were also calculated in case the introduced sodium atoms could
inuence the electronic structure of the pristine phase. Viewed
from Fig. 11, during the sodiation process of increasing sodium
concentration, the electronic structures undergo obvious
changes as a consequence of electron transfer from sodium to
RSC Adv., 2018, 8, 17773–17785 | 17781
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Table 2 Summary of theoretical specific capacity (mA h g�1) and diffusion barrier (meV) of some currently widely investigated and promising
anode materials for sodium-ion batteries

Compound
Theoretical specic
capacity Diffusion barrier Electronic conductivity Reference

Borophene 1240 30 Metallic This work
Graphyne 558 400 Semiconducting 26 and 54–56
Phosphorene 324 40–63 Semiconducting 40, 41 and 56
MoS2 335 110 Semiconducting 44 and 57
Na3Ti2(PO4)3 133 750 Semiconducting 58–60
NaSi 954 310 Semiconducting 61–63
NaGe 369 270 Semiconducting 61–63
Na15Sn4 847 260 Metallic 61 and 64–66
Na3Sb 660 210 Semiconducting 64, 66 and 67
Na8SnO2 1378 Semiconducting 68
Na3P 2596 40 Semiconducting 64 and 69–72
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the borophene substrate. Not only is the metallic characteristic
of the sodiated borophene nanostructure maintained, but the
electronic conductivity is also enhanced during the continual
sodiation process.
3.7 Comparison with other anode materials

To make a more comprehensive evaluation of the borophene
material, the properties of theoretical specic capacity, diffu-
sion barrier and electronic conductivity of some other current
widely investigated anode materials for sodium-ion batteries
from the literature are summarized in Table 2. It can be seen
that borophene has the third largest theoretical specic
capacity, the lowest diffusion barrier and the best electronic
conductivity among all these listed anode materials. Despite the
theoretical specic capacity of borophene being twice as low as
that of Na3P and the sodium ion diffusivity on borophene being
slightly superior to it, the electronic conductivity is much faster
than that of Na3P with a semiconducting characteristic, indi-
cating the much better rate capability of borophene. Further-
more, the theoretical specic capacity of borophene is also
lower than that of the SnO2 based material, but its electronic
conductivity has a semiconducting characteristic. Compared to
other 2D materials with semiconducting characteristics, the
specic capacity of borophene is almost 2.5 times that of
graphyne and almost 4 times that of phosphorene and MoS2. In
addition, the sodium ion diffusion on borophene is estimated
to be faster than that on graphyne, phosphorene or MoS2 at
room temperature. All the evidence demonstrates that bor-
ophene is a promising candidate with high capacity and high
rate capability for the anode material in sodium-ion batteries.
4. Conclusions

First-principles calculations based on DFT and AIMD simula-
tions were performed to explore the potential of borophene as
an anode material in SIBs. It is found that aer introducing
vacancy defects, the special puckered structure becomes rela-
tively at and the metallic nature of the defective borophene
becomes more prominent, while defects in borophene may
weaken sodium adsorption. Therefore, it is important to control
17782 | RSC Adv., 2018, 8, 17773–17785
the generation of defects in the synthetic production of bor-
ophene. A single sodium atom is preferentially absorbed on the
BV site with a large adsorption energy with a value of �2.234 eV.
The adsorption energies per sodium atom gradually reduce with
an increase in the sodium concentration due to the enhanced
Na–Na electrostatic repulsion. Moreover, the fully sodium
storage phase of borophene corresponds to NaB2 with a theo-
retical specic capacity of 1240 mA h g�1, which is much larger
than that of other 2D materials. Interestingly, sodium ion ow
in the furrows of puckered borophene is extremely fast with
a low energy barrier of 30 meV, which is much lower than those
of other widely investigated anode materials such as graphyne
(400 meV), phosphorene (40–63 meV), Na3P (40 meV), NaSi (310
meV) or MoS2 (110 meV). Meanwhile, sodium diffusion on
borophene was found to be strongly anisotropic, as further
veried by the results of AIMD that showed that sodium atoms
can move freely in the furrows and rarely jump to the neigh-
boring furrows. The sodiated-borophene nanostructure shows
enhanced metallic characteristics and excellent electronic
conductivity during the whole sodiation process, which is
superior to other widely investigated anode materials with
semiconducting characteristics. Considering these excellent
performances, it is expected that borophene will be a promising
candidate with high capacity and high rate capability for the
anode material in sodium-ion batteries. More speculatively,
borophene could also be an outstanding anode material for
other metal-ions (e.g., K-ion, Mg-ion, Ca-ion and Al-ion)
batteries and the computational method used here is
transplantable.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

This work was nancially supported by the funds for the
construction of high-level talents of Kunming University of
Science and Technology (No. 1411909413).
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra01942h


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
M

ay
 2

01
8.

 D
ow

nl
oa

de
d 

on
 1

/2
1/

20
26

 1
1:

49
:4

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
References

1 L. Wu, H. L. Weng and J. Zhang, First principles study on the
electrochemical, thermal and mechanical properties of
LiCoO2 for thin lm rechargeable battery, Materials Today:
Proceedings, 2014, 1, 82–93.

2 T. A. Baker, C. M. Friend and E. Kaxiras, Chlorine interaction
with defects on the Au(111) surface: a rst-principle
theoretical investigation, J. Chem. Phys., 2008, 129, 427.

3 S. P. Ong, V. L. Chevrier and G. Ceder, Comparison of small
polaron migration and phase separation in olivine LiMnPO4

and LiFePO4 using hybrid density functional theory, Phys.
Rev. B: Condens. Matter Mater. Phys., 2011, 83, 540–545.

4 Z. Xu, X. Lv, J. Chen, L. Jiang, Y. Lai and J. Li, DFT
investigation of capacious, ultrafast and highly conductive
hexagonal Cr2C and V2C monolayers as anode materials for
high-performance lithium-ion batteries, Phys. Chem. Chem.
Phys., 2017, 19(11), 7807–7819.

5 J. Jiang, C. Ouyang, H. Li, Z. Wang, X. Huang and L. Chen,
First-principles study on electronic structure of LiFePO4,
Solid State Commun., 2007, 143, 144–148.

6 H. Pan, Y.-S. Hu and L. Chen, Room-temperature stationary
sodium-ion batteries for large-scale electric energy storage,
Energy Environ. Sci., 2013, 6, 2338–2360.

7 F. Buonocore, C. Arcangeli, F. Gala, G. Zollo and M. Celino,
Adsorption of modied arg, lys, asp, and gln to dry and
hydrated ZnO surface: a density functional theory study, J.
Phys. Chem. B, 2015, 119, 11791–11797.

8 X. Xiang, K. Zhang and J. Chen, Recent advances and
prospects of cathode materials for sodium-ion batteries,
Adv. Mater., 2015, 27, 5343–5364.

9 W. Song, X. Ji, Z. Wu, Y. Zhu, Y. Yang, J. Chen, M. Jing, F. Li
and C. E. Banks, First exploration of Na-ion migration
pathways in the NASICON structure Na3V2(PO4)3, J. Mater.
Chem. A, 2014, 2, 5358–5362.

10 Z. Wang, Y. Li and X. J. Lv, N-doped ordered mesoporous
carbon as a high performance anode material in sodium
ion batteries at room temperature, RSC Adv., 2014, 4(107),
62673–62677.

11 Y. Li, Z. Wang, L. Li, S. Peng, L. Zhang, M. Srinivasan and
S. Ramakrishnac, Preparation of nitrogen- and
phosphorous co-doped carbon microspheres and their
superior performance as anode in sodium-ion batteries,
Carbon, 2016, 99, 556–563.

12 J. Y. Hwang, S. T. Myung and Y. K. Sun, Sodium-ion
batteries: present and future, Chem. Soc. Rev., 2017, 46(12),
3529–3614.

13 J. Zhang, G. Gou and B. Pan, Study of phase stability and
hydride diffusion mechanism of BaTiO3 oxyhydride from
rst-principles, J. Phys. Chem. C, 2014, 118, 17254–17259.

14 Y. Sun, L. Zhao, H. Pan, X. Lu, L. Gu, Y. S. Hu, H. Li,
M. Armand, Y. Ikuhara, L. Chen and X. Huang, Direct
atomic-scale conrmation of three-phase storage
mechanism in Li(4)Ti(5)O(1)(2) anodes for room-
temperature sodium-ion batteries, Nat. Commun., 2013, 4,
1870.
This journal is © The Royal Society of Chemistry 2018
15 H. Xiong, M. D. Slater, M. Balasubramanian, C. S. Johnson
and T. Rajh, Amorphous TiO2 nanotube anode for
rechargeable sodium ion batteries, J. Phys. Chem. Lett.,
2011, 2, 2560–2565.

16 P. Senguttuvan, G. Rousse, V. Seznec, J.-M. Tarascon and
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