
Global Minima Search for Sodium- and Magnesium-Adsorbed
Polymorphic Borophene
Vaishnavi Vishnubhotla, Arnab Kabiraj, Aninda J. Bhattacharyya, and Santanu Mahapatra*

Cite This: https://doi.org/10.1021/acs.jpcc.2c02727 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Monolayer allotropes of boron (borophene) are
being explored extensively for alkali-ion battery anode materials
due to their metallicity and ultralow molar mass. However, the
inherited polymorphism of borophene has made the alkali-ion
adsorption mechanisms abstruse. Previous computational studies
rely on the uniform-adsorption model, which fails to capture the
adsorption-induced phase change in borophene and thus predicts
nonrealistic values of the specific capacity. Here, we employ ab
initio global-minima-search techniques to gain atomistic insights
into the polymorphism-driven sodium- and magnesium-ion
binding process. Our well-designed computational method
combines two different search techniques. It reveals different
nonidealities (e.g., bond cleavage, electroplating, phase transition,
etc.), which may assist the future experimental efforts on polymorphic borophene. In contrast to earlier reports, our study finds
borophene to be an outstanding candidate for Mg-ion batteries (specific capacity of 3648.54 mAh/g) but not so promising for Na-
ion storage due to relatively high formation energies (+0.09 eV/atom) of Na-B compounds and phase deformation upon adsorption.

■ INTRODUCTION
Lithium-ion batteries (LIBs) are one of the most advanced
battery technologies because of their higher efficiency toward
energy conversion and storage and commercial viability. High
power and energy densities, as well as the long cycle and shelf life
of LIBs, are other advantages.1 To meet the requirements of
high-power tools and electric vehicles, electrode materials with
high Li reversible storage capacity and fast electron transport are
needed for lithium-ion batteries.2 The choice of the anode
material is essential as the battery’s performance depends on the
chemistry of the electrode material. The monolayer of boron,
commonly known as borophene, has appeared as a promising
anode material for high-capacity batteries since its metallicity,
ultralight weight, and high surface-to-mass ratio might yield
significant enhancement in the specific capacity of the electrode.
Polymorphism is an inherent property of borophene, and the
energy difference between different phases was found to be
mostly small.3 The striped phase of borophene was first reported
in late 2015. It was synthesized under ultrahigh vacuum
conditions on an Ag(111) substrate.4 The honeycomb structure,
which is energetically unfavorable to other metallic phases, was
synthesized later on the Al(111) substrate.5 While the charge
transfer from the Ag substrate is negligible, Al can donate nearly
one electron to each boron atom, enabling the construction of a
honeycomb structure just like graphene.5,6 The striped phase
has a triangular arrangement of boron atoms with a buckled and
highly anisotropic structure. β12 and χ3 phases, on the other
hand, are flat structures containing line defects of hexagonal

holes. The structure of borophene could be viewed as a B1−xVx

pseudo-alloy, where x denotes the vacancy density.3,7 The
corresponding x values for β12 and χ3 borophenes are 1/6 and 1/
5, respectively. The stability of the borophene structure depends
on the vacancy density (V) and the substrate material. The most
stable structures are in the range of x = 0.1−0.15, making it
possible to synthesize mixed-phase samples instead of single-
phase ones for better performance.3 Theoretical studies8,9 tout
borophene as an exceptional candidate for Li-ion battery anodes
because of its unique morphology and metallic characteristics.
However, due to the extremely high demand, Li, dubbed “the
new oil,” is becoming increasingly costly.10 To reduce the
battery production cost, in recent times, other alkali metals, e.g.,
sodium and magnesium, are also being explored as alternatives
to lithium because of their abundance in nature11 and the two-
electron donation process of Mg, which can enhance the specific
capacity significantly. However, sodium- and magnesium-ion
batteries generally exhibit low energy capacity, which can be
improved by replacing conventional electrode materials with
borophene. First-principles-based investigation using density
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functional theory (DFT) has been a common route to estimate
the essential figure of merits (FOMs) of two-dimensional (2D)
materials as potential alkali-ion battery electrodes,12,13 which
can act as useful guidelines for future experimental endeavors.
These studies also provide chemical insights into the adsorbate
binding at the atomic limit, which is difficult to probe even with a
sophisticated experimental setup. However, most of these efforts
rely on a computationally economic “uniform-adsorption”
model, which most of the time is not guaranteed to result in
the ionic ground state.14−18 More rigorous approaches19,20

involving “global minima search” techniques have demonstrated
that the uniform-adsorption model predicts nonrealistic values
of the specific capacity of any anode material since it cannot
capture the cleavage and restoration of chemical bonds during
the lithiation and delithiation process. A recent study9 also
demonstrated the necessity of the global minima search
technique for polymorphism-dominated materials (like bor-
ophene) to capture the adsorbate-induced phase changes.
In this work, we investigate the potential of borophene

allotropes as anode materials for sodium- and magnesium-ion
batteries. While other earth-abundant alkali metals such as
potassium, aluminum, and calcium seem attractive prospects as
well, they are not explored in this paper because of the following
reasons. For K and Ca, even the lightest available pseudopo-
tential has seven and eight valence electrons, respectively, which
imposes a restrictive computational budget on a high-
throughput study like ours. On the other hand, there is a light
(three electrons) pseudopotential available for Al, but multiple
previous studies have shown that the charge transfer from the Al
ion to the adsorbent is even less than that of the Mg ion,
rendering Al-ion batteries low-capacity and unsuitable for our
study.21,22 We assess the thermodynamic suitability of cation-
borophene compounds by combining a bottom-up evolutionary
structure-searching and a top-down random structure-searching
algorithm. While a monolayer of boron has been demonstrated
as an excellent candidate for lithium-ion storage,9 we find that
the results are less promising for sodium-ion storage due to the
relatively high formation energies and phase deformation upon
adsorption in contrast to previous studies.23 However, the
monolayer honeycomb phase of borophene was found to be a
highly reliable anode material for magnesium-ion storage with
good formation energy (−0.14 eV/atom) and high specific
capacity (3648.54 mAh/g) at the composition ratio of 0.5.

■ COMPUTATIONAL DETAILS
Geometry relaxations were carried out using the Vienna ab initio
simulation package (VASP)24−27 with the projector-augmented
wave (PAW)28 method and the generalized gradient approx-
imation-Perdew−Burke−Ernzenhof (GGA-PBE)29 exchange−
correlation functional. The valence electrons that are expanded
in plane-wave basis sets are as follows: B, 2s22p1; Na, 3s1; and
Mg, 3s2. The cutoff energy of 450 eVwas used for the plane-wave
basis sets to avoid any Pulay stress. For all structural relaxations,
a > × × 1

a b
30 30 γ-centered k-point grid was used to sample the

Brillouin zone, where a and b are the lengths of the in-plane
lattice parameters of the particular supercell in Å. A >

× × 1
a b

60 60 similar k-mesh was used for all static runs.

Electronic convergence was set to be attained when the
difference in energy of successive electronic steps became less
than 10−6 eV, whereas the structural geometry was optimized
until the maximum Hellmann−Feynman force on every atom
fell below 0.01 eV/Å. An ample vacuum space of more than 20 Å

in the direction of c was applied to avoid any spurious
interaction between periodically repeated layers. Semiempirical
dispersion corrections with the DFT-D3 method as developed
by Grimme30 were used in all of the calculations.
While finding the energetically most favorable single Na-/Mg-

ion-adsorbed borophene structure is simple, it is highly
nontrivial to find the same for multiple ion adsorption. In the
literature,31−33 it is commonly executed using the “uniform-
adsorption model” since it is computationally economical.
However, such a model does not assure ground-state
configuration and thus often predicts nonrealistic values of
specific capacity. To assess the realistic reversible specific
capacity here, we combine the bottom-up and top-down
structure-search techniques. To search for the most stable
adsorbed phases globally, we calculated the formation energy of
sodium- and magnesium-adsorbed borophene electrode com-
pounds as a function of adsorbate concentration and
subsequently constructed the convex hull. The convex hull’s
construction was achieved through a bottom-up approach,
starting with random atomic configurations of Na/Mg and
ultrathin boron and then exploring possible stable adsorbed
phases through an evolutionary algorithm. Such a convex hull
may be used as a guideline for experimentalists that allow
drawing a fair comparison of the thermodynamic stability of
different sodium- and magnesium-adsorbed 2D borophene
phases in terms of both adsorbate concentration and poly-
morphism, making it easier to synthesize and test these systems.
Bottom-up structure searching for the most stable structures in
the composition space of NaxBy and MgxBy is performed using
the Universal Structure Predictor: Evolutionary Xtallography
(USPEX)34−36 code interfaced with VASP. This is based on an
evolutionary algorithm featuring local optimization, real-space
representation, and flexible physically motivated variation
operators.9 The number of atoms in each structure is kept
between 2 and 12 to limit the computational budget as many
structures need to be explored for each configuration. After
relaxation, only structures with thickness less than 6.5 Å are
considered; the thicker structures are assigned high positive
energy, and their generation is contained. The thickness
constraint is determined by doing several test runs. The system
performs sophisticated genetic operations on the previous
generation’s best systems to obtain the next generations, which
are a combination of random and inherited structures. The
search is continued until ten consecutive generations produce
the same results.
We conduct a top-down structure search for larger supercells

using the ab initio random structure-searching (AIRSS)
algorithm.37 It begins with an individual phase and predicts
the most stable structure at a particular adsorbate concentration,
which is often found to be not a uniformly adsorbed but a
severely deformed system.22 A many-atom top-down structure
search can be used to find the precise local minima after a
bottom-up search with a small number of atoms has yielded an
approximation of the global minimum. In the top-down
approach, Na and Mg ions are placed randomly on the
adsorbent supercell using the AIRSS initial configuration
generation engine, and then, they are relaxed to the nearest
local minima. A γ-point-only k-mesh is used for structure
relaxation while searching for the lowest energy phases. The top-
five lowest energy structures from every energy-rank list are
processed using the above-mentioned denser k-mesh structural
relaxation, and then, static runs are performed on themost stable
structure. In addition to this, to assess the thermal stability of the
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AIRSS-foundmost stable phases, we perform ab initio molecular
dynamics (AIMD) studies. To perform AIMD simulations on
135−144 atom supercells with minimal temperature fluctua-
tions, a canonical ensemble (NVT) is used with a 2 fs time step,
and a Nose−́Hoover thermostat38,39 is employed with a γ-point-
only k-point sampling for the intermediate DFT calculations.
The density-derived electrostatic and chemical (DDEC) atomic
charge analysis is performed with charge densities from DFT
static runs as inputs to find the amount of charge transfer for
various processes.40−43 All of the crystal structures are visualized
using the tool VESTA.44

We calculate the formation energy using the following
equation:

=
− −

+
E

E xE yE

x y
x y

form
A B Aphase Bphase

(1)

A refers to the adsorbate, which is either Na or Mg, and B refers
to the adsorbent, which is a Borophene phase in our work. EAxBy
is the total energy of the AxBy system and EAphase and EBphase are
the per atom total energies of the most stable A and B phases
found in the evolutionary search for a specific AxBy system in the
2D limit. x and y are integers.
The cohesive energy is calculated as

=
− −

+
E

E xE yE

x y
x y

coh
A B Aatom Batom

(2)

EAatom and EBatom are the isolated atom energies of the adsorbate
and boron atoms, respectively.
The adsorption energy is calculated as

μ
=

− −
E

E x yE

x
x y y

ads
A B A B

(3)

Here, μA is the chemical potential of Na or Mg. EBy is the energy
of the adsorbent phase before Na or Mg adsorption. For
calculating the chemical potential, the metallic bulk phase is
taken as a reference as it is a more reliable reference state
compared to the neutral atom in the gas phase. Chemical

potential that is calculated using the metallic bulk state as a
reference directly compares the resulting adsorption energy with
the metal’s bulk cohesive energy, therefore providing more
physical insights such as the possibility of clustering.45 In terms
of formation, adsorption, and cohesive energies, lower energy
implies more stable structures. Positive adsorption energy
indicates the possibility of clustering and phase separation with
the substrate instead of adsorption.
The specific capacity in mAh/g can be calculated using

=
·

C
vFf

M

10max
3

(4)

where fmax is the maximum Na or Mg concentration adsorbed
per formula unit of the substrate. M is the molar weight of the
adsorbent. F = 26.801 Ah/mol is the Faraday constant, and v is
the charge transferred obtained by performing DDEC atomic
charge analysis.40−43

We also calculate the average open circuit voltage (OCV)
using the following equation

μ
≈ −

[ − − − ]

−

E E f f

f f e
OCV

( )

( )
f fA B A B max min A

max min

max min

(5)

where fmax and fmin are maximum and minimum Na or Mg
concentration adsorbed per formula unit of the substrate,
respectively. Here, fmin = 0 for all of the cases, whereas fmax
depends on the composition ratio of the structure.

■ RESULTS AND DISCUSSION
We perform calculations on the four experimentally synthesized
phases of borophene: β12, χ3, striped, and honeycomb.4,46 The
structures that are not obtained from the convex hull are
manually constructed, starting with a standard phase of
borophene and adding sodium and magnesium atoms with
different composition ratios. These structures are compared in
terms of their formation energies to obtain the most stable
structure for a particular adsorbed phase of borophene.

Figure 1. Bottom-up evolutionary structure-search-constructed convex hull for the NaxBy composition space in the 2D limit along the most stable
crystal structures. The green and yellow balls represent B and Na atoms, respectively. The plot points marked red indicate the structures that are
manually constructed.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.2c02727
J. Phys. Chem. C XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/10.1021/acs.jpcc.2c02727?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c02727?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c02727?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c02727?fig=fig1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c02727?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Sodium-Adsorbed Borophene. The evolutionary search-
constructed convex hull along with the most stable Na-adsorbed
borophene structures is depicted in Figure 1. It is difficult to link
the most stable pristine 2D-B (leftmost) to a bulk phase due to
the high polymorphism of bulk boron and substantial surface
rebuilding in the 2D limit. According to the convex hull in Figure
1, the global minimum for the Na-adsorbed borophene structure
is at the composition ratio Na/(B + Na) = 0.2, which
corresponds to two layers of the Na-intercalated bilayer χ3
phase. This structure, however, has a specific capacity of 271.56
mAh/g, which is less compared to the specific capacity of other
synthesized borophene phases.
The global minimum of the convex hull occurs at composition

ratio 0.2. Initially, the formation energy becomes more negative
as the composition ratio increases. This is because as the
adsorbate concentration increases, it introduces deformation in
the substrate and facilitates Na-ion binding. As the composition
ratio increases beyond the global minima, the repulsion between
Na ions becomes a major factor and the formation energy
gradually increases to zero.
The amount of charge transferred from Na atoms to each

boron atom is calculated from DDEC atomic charge analysis.
The net atomic charges obtained from DDEC analysis are
simultaneously optimized to reproduce chemical states of atoms
and the electrostatic potential.40−43 The structures depicting the

charge density difference are shown in Figure S1. Along with
synthesized phases, we have also shown the charge density
difference in the new structure obtained from the convex hull in
part (e) of Figure S1. The charge transferred is calculated by
taking the average of charge contribution of all of the sodium
atoms. These values of charge transferred are used to calculate
the specific capacities of all of the structures shown in Figure 2.
The ideal values of specific capacities and the values calculated
using the charge transferred obtained from DDEC analysis are
given in Table 1. Evidently, incorporating the charge transfer
nonideality reduces the estimated values of the specific capacity
quite a bit compared to their ideal values. In addition to this, the

Figure 2. Top and side views of borophene allotropes and their most stable Na-adsorbed phases found in the bottom-up evolutionary structure-
searching approach with relevant energies and estimated storage capacities for β12, honeycomb, striped, and χ3 phases are shown in parts (a), (b), (c),
and (d), respectively. Striped and honeycomb phases are manually constructed. Specific capacity values are calculated using the charge transferred
obtained from DDEC analysis. The green and yellow balls represent B and Na atoms, respectively.

Table 1. Amount of Charge Transferred and Corresponding
Specific Capacity Values in Comparison with Ideal Values of
Specific Capacity for Different Na-Adsorbed Phases of
Borophene Obtained through the Bottom-Up Structure-
Search Approach

borophene
phase νDDEC

Cideal
(in mAh/g)

CDDEC
(in mAh/g)

OCV (in
V)

β12 0.3 247.93 74.45 2.16
honeycomb 0.79 4958.56 3960.72 0.61
striped 0.81 1239.64 1001.26 0.46
χ3 0.44 619.82 271.56 1.25

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.2c02727
J. Phys. Chem. C XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c02727/suppl_file/jp2c02727_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c02727/suppl_file/jp2c02727_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c02727?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c02727?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c02727?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c02727?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c02727?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


total density of states and the projected density of states for
individual orbitals are plotted, and it is observed that there is
strong hybridization between s and p orbitals of the sodium
atom and the p orbital of the boron atom. The plot of density of
states for the most stable Na-adsorbed bilayer χ3 borophene
phase is shown in Figure S2.
Spin polarization calculations have been performed on all of

the structures and it has been observed that the non-spin-
polarized structures are more stable in all cases. Hence, these
structures are considered for calculation of other energy
parameters. The honeycomb phase shows the highest specific
capacity (3960.72 mAh/g) among the Na-adsorbed borophene
structures, but it is not the most stable structure due to its
relatively high formation energy. This phase is manually
obtained by adding Na atoms to a single unit cell of
honeycomb-phase borophene to find the least adsorption
energy at a composition ratio of Na/(B + Na) = 0.66. It can
be observed that the charge transferred for β12 and χ3 phases is
much less than the ideal charge of one electron, resulting in
lower values of specific capacities. The striped Na-adsorbed
phase is constructed by taking a 2 × 2 striped borophene
supercell and adding Na atoms to obtain the structure with the
least formation energy. It is important to note that the size of the
supercell is limited because we are keeping the total number of
atoms in the structure between 2 and 12. Na atoms are placed on
different adsorption sites, and ionic relaxations followed by
energy calculations are performed to find the most stable
structure. The β12 phase is obtained from the convex hull at a
composition ratio of 0.09. It has good adsorption energy but
very less specific capacity (74.45 mAh/g) and is therefore not
ideal for an anode material.
From the convex hull in Figure 1, we can observe that the

most stable monolayer Na-adsorbed borophene structure is
obtained at Na/(B + Na) = 0.33. An AIRSS-based top-down
study is performed at the same Na concentration for all of the
synthesized phases of borophene. As mentioned before, the
charge transferred to boron atoms is calculated through DDEC
atomic charge analysis, and this charge is used to calculate
specific capacity values. These values are given in Table 2. It

should be noted that significant structural deformations or high
formation energies are observed in Figure 3. Charge density
difference for the structures obtained through AIRSS is
demonstrated in Figure S3.
Na-adsorbed honeycomb borophene has the least adsorption

energy of Eads = −2.368 eV/Na and a specific capacity of 803.11
mAh/g. This value of adsorption energy is large enough for
sodium-borophene stability during the adsorption process. The
other phases have relatively less negative values of adsorption
energies, indicating less adsorption-stability compared to the

honeycomb phase. The Na-adsorbed striped phase has the
highest amount of charge transferred and thereby the highest
specific capacity of 946.45 mAh/g compared to other phases,
but the structure is less stable due to the relatively higher
formation energy. However, we can observe in Figure 3 that all
of the phases undergo deformation upon Na adsorption unlike
the structures obtained using evolutionary search.
It has already been demonstrated that honeycomb borophene

is an excellent candidate for Li-ion storage with good formation
energy and a high specific capacity of 2479.28 mAh/g.9

However, this is not the case for Na-ion storage. From the
bottom-up approach, we get a maximum specific capacity of
3960.72 mAh/g at a concentration of 0.66 for the manually
constructed honeycomb phase; however, the relatively high
formation energy (+0.09 eV/atom) is making the structure
unlikely to exist. The most stable structure obtained from the
convex hull corresponds to the bilayer χ3 phase, with a low
specific capacity (271.56 mAh/g). Now, from the top-down
AIRSS study, we find the monolayer β12 phase to be the most
stable structure with the lowest formation energy (−0.05 eV/
atom). At the same time, we observe that the structure is
irreversibly damaged at a concentration of 0.33. Therefore, the
specific capacity value is bound to be lower than 818.13 mAh/g
for the monolayer. However, a specific capacity of 1860 mAh/g
has been reported for monolayer borophene (honeycomb
phase) using a uniform-adsorption model in a previous study,14

which is much higher than our prediction. Thus, we can
conclude that borophene is not a promising candidate as an
anode material for sodium-ion storage even though it has a low
diffusion barrier and high electronic conductivity as demon-
strated in a previous study.23

Magnesium-Adsorbed Borophene. The convex hull
along with thermodynamically stable Mg-adsorbed borophene
structures is shown in Figure 4. The most stable structure
obtained from the convex hull at a composition ratio ofMg/(B +
Mg) = 0.429 corresponds to the bilayer honeycomb phase. It
also has a high specific capacity of 2220.19 mAh/g.
As mentioned before, the honeycomb phase is the most

unstable borophene in the pristine form, but charge transfer
from the substrate stabilizes this structure. Similar to this
mechanism, adsorption of the Mg atoms transfers 1.2 electrons
to each boron atom, stabilizing the structure. The charge
transferred is obtained from DDEC atomic charge analysis by
taking the average of the charge contribution of all of the Mg
atoms. Specific capacities are then calculated using the
transferred charge obtained by this method. These values,
along with the amount of charge transferred and the average
open circuit voltage values, are given in Table 3. The structures
depicting the charge density difference are shown in Figure S4.
Along with synthesized phases, we have also shown the charge
density difference in the new structure obtained from the convex
hull in part (e) of Figure S4. Total density of states and projected
density of states for individual orbitals for the most stable Mg-
adsorbed bilayer honeycomb phase are plotted, and it is
observed that there is strong hybridization between s and p
orbitals of the magnesium atom and the p orbital of the boron
atom. This plot of density of states is shown in Figure S5.
Striped and β12 phases are not found in the evolutionary

search structures so they are manually constructed starting with
the standard phases to find the most stable adsorbed structures
for each phase. Striped-phase borophene is taken as a 2 × 2
supercell, and Mg atoms are added to find the most stable
structure for that phase at a composition ratio of 0.33.

Table 2. Amount of Charge Transferred and Corresponding
Specific Capacity Values in Comparison with Ideal Values of
Specific Capacity for Different Na-Adsorbed Phases of
Borophene Obtained through the Top-Down AIRSS
Approach

borophene
phase νDDEC

Cideal
(in mAh/g)

CDDEC
(in mAh/g)

OCV (in
V)

β12 0.66 1239.64 818.13 0.73
honeycomb 0.65 1239.64 803.11 2.37
striped 0.76 1239.64 946.45 0.7
χ3 0.66 1239.64 817.68 0.65
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The striped phase has a good specific capacity of 2220.64
mAh/g, but it has a relatively high formation energy and hence is

not considered the most stable borophene phase for Mg
adsorption. It is interesting to note that the most stable Mg-

Figure 3. Top and side views of the most stable Na-adsorbed β12, honeycomb, striped, and χ3 phases of borophene found by the top-down AIRSS
approach with relevant energy and concentration parameters are shown in parts (a), (b), (c), and (d), respectively. Specific capacity values are
calculated using the charge transferred obtained from DDEC analysis. The green and yellow balls represent B and Na atoms, respectively.

Figure 4. Bottom-up evolutionary structure-search-constructed convex hull for MgxBy composition space in the 2D limit along the most stable crystal
structures. The green and orange balls represent B and Mg atoms, respectively. The plot points marked red indicate the structures that are manually
constructed.
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adsorbed β12 phase obtained at a composition ratio of 0.167 falls
on the convex hull, as shown in Figure 4. However, this structure
has a relatively low specific capacity (795.55 mAh/g). From
Figure 5a, it can be seen that the most stable adsorption site for
β12 borophene is the hexagonal center. This is verified for other
phases as well by calculating the formation energies for different
structures obtained by placing Mg atoms on all possible
adsorption sites. This process is repeated for all experimentally
synthesized phases of borophene.

AIRSS is performed on all four synthesized phases of
borophene with a consistent composition ratio of Mg/(B +
Mg) = 0.5. In the top-down approach, the composition ratio is
fixed from the global minima of the convex hull and the behavior
of different phases of Mg-adsorbed borophene at this
composition ratio is studied to obtain the most stable phase
that can be used as the anode material. The most stable
structures obtained through AIRSS along with relevant energy
parameters and specific capacity values are shown in Figure 6.
The specific capacity values calculated using the charge
transferred obtained from DDEC analysis in comparison with
the ideal values, the charge transferred, and the average open
circuit voltage values are given in Table 4. Charge density
difference for the structures obtained through AIRSS is
demonstrated in Figure S6.
It can be observed that the uniformly adsorbed monolayer

honeycomb borophene phase is the most stable structure forMg
adsorption from AIRSS. The monolayer honeycomb structure
has the least formation energy, and the structure also is
completely undeformed. This is important as the suitability of
the structure as an anode material also depends on its ability to
return to the pristine crystal structure upon desorption. The
bottom-up structure search also gives the most stable structure
for Mg adsorption to be a honeycomb phase, but it is bilayer
honeycomb as can be observed from the convex hull in Figure 4.
Except for the striped phase, all of the other phases have

hexagonal holes, which are the most stable adsorption sites
because of the local electron deficiency of this region. In AIRSS
for Mg-adsorbed structures, we observe that the striped
borophene phase undergoes partial phase change to the
hexagonal phase, and it opens up hexagonal holes as shown in
Figure 7.
This indicates the movement of the adsorbed structure

toward the global minima, which is the honeycomb phase in this
case. It can be seen in Figure 7 that dendrites have started to
form in the adsorbed structure at this concentration, making it
impractical as an anode material. However, this is just a proof of
concept that our methodology captures the movement of the
adsorbed structure toward global minima as such an observation
was not made in any previous studies31−33 that adopted the
conventional uniform-adsorption model. Our methodology that
combines two approaches captures such events, which are
expected to be observed in experiments. The striped phase has
the highest specific capacity of 4443.14 mAh/g because of
charge transfer of 1.8 electrons to each boron atom, which is the
closest to the ideal value of two electrons. Previous works using
the uniform-adsorption model reported a specific capacity of
1960 mAh/g for the striped phase of borophene upon Mg
adsorption.16

To assess the thermal stability of the most stableMg-adsorbed
monolayer honeycomb structure found using AIRSS, we
performed AIMD simulation. The structure is heated from a
temperature of 10−300 K for 10 ps and then subjected to a
constant temperature of 300 K for another 10 ps. It has been
observed that there is no significant structural distortion
confirming the thermal stability of the structure. The snapshots
of the structure after the AIMD run are shown in Figure S7.
In summary, bilayer honeycomb-phase borophene is found to

be the most stable phase for Mg-ion storage from an
evolutionary structure search with a high specific capacity of
2220.19 mAh/g at a composition ratio of 0.429. The top-down
AIRSS approach also gives the most stable phase as an
undeformed and uniformly adsorbed monolayer honeycomb

Table 3. Amount of Charge Transferred and Corresponding
Specific Capacity Values in Comparison with Ideal Values of
Specific Capacity for Different Mg-Adsorbed Phases of
Borophene Obtained through the Bottom-Up Structure-
Search Approach

borophene
phase νDDEC

Cideal
(in mAh/g)

CDDEC
(in mAh/g)

OCV (in
V)

β12 1.6 991.71 795.55 1.94
honeycomb 1.2 3718.92 2220.19 2.03
striped 1.8 2479.28 2220.64 0.23
χ3 0.97 619.82 302.103 2.05

Figure 5. Top and side views of borophene allotropes and their most
stable Mg-adsorbed phases found in the bottom-up evolutionary
structure-searching approach with relevant energies and estimated
storage capacities for β12, honeycomb, striped, and χ3 phases are shown
in parts (a), (b), (c), and (d), respectively. Striped and β12 phases are
manually constructed. Specific capacity values are calculated using the
charge transferred obtained fromDDEC analysis. The green and orange
balls represent B and Mg atoms, respectively.
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phase with a charge transfer of 1.5 electrons to each boron atom
and a specific capacity of 3648.54mAh/g. Therefore, borophene
could be a strong candidate as an electrode material for Mg-ion
batteries.

■ CONCLUSIONS
First-principles-calculations-based global minima search was
conducted to explore the potential of borophene as an anode

material in sodium- and magnesium-ion batteries. It is found
that borophene in the monolayer honeycomb phase is a better
candidate as an anode material for Mg-ion storage compared to
Na- and Li-ion storage with good specific capacity (3648.54
mAh/g) and less formation energy. These energetics-driven
predictions of the storage capacity of sodium andmagnesium for
different polymorphs of borophene are more realistic than the
uniform-adsorption-based predictions. Also, Mg adsorption-
driven phase change of the striped phase toward a more stable
honeycomb phase is captured in our study. As the Mg-adsorbed
honeycomb phase turns out to be the global minima of theMg-B
composition space, we expect other synthesized phases to also
undergo phase transition toward the honeycomb phase with
repeated charge/discharge cycles. Moreover, the inherent
polymorphism of the borophene might result in synthesis of
mixed-phased samples instead of purely single-phased samples,
where our findings, which provide a global perspective, become
extremely useful. The proposed methodology should be as
efficient and reliable in predicting the energy-warranted
fundamental limit of adsorbate storage capacity even in these
complex instances. Our study could therefore act as an

Figure 6. Top and side views of the most stable Mg-adsorbed β12, honeycomb, striped, and χ3 phases of borophene found by the top-down AIRSS
approach with relevant energy and concentration parameters are shown in parts (a), (b), (c), and (d), respectively. Specific capacity values are
calculated using the charge transferred obtained from DDEC analysis. The green and orange balls represent B and Mg atoms, respectively.

Table 4. Amount of Charge Transferred and Corresponding
Specific Capacity Values in Comparison with Ideal Values of
Specific Capacity for Different Mg-Adsorbed Phases of
Borophene Obtained through the Top-Down AIRSS
Approach

borophene
phase νDDEC

Cideal
(in mAh/g)

CDDEC
(in mAh/g)

OCV (in
V)

β12 1.7 4958.56 4192.5 0.29
honeycomb 1.5 4958.56 3648.54 1.24
striped 1.8 4958.56 4443.14 0.32
χ3 1.7 4958.56 4252.36 0.25
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energetics-driven map for developing high-capacity Mg-ion
batteries using borophene.
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