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ABSTRACT: Nowadays, secondary batteries based on sodium
(Na), potassium (K), and magnesium (Mg) stimulate curiosity as
eventually high-availability, nontoxic, and eco-friendly alternatives
of lithium-ion batteries (LIBs). Against this background, a spate of
studies has been carried out over the past few years on anode
materials suitable for post-lithium-ion battery (PLIBs), in particular
sodium-, potassium- and magnesium-ion batteries. Here, we have
consistently studied the efficiency of a 2D α-phase arsenic
phosphorus (α-AsP) as anodes through density functional theory
(DFT) basin-hopping Monte Carlo algorithm (BHMC) and ab
initio molecular dynamics (AIMD) calculations. Our findings show
that α-AsP is an optimal anode material with very high stabilities,
high binding strength, intrinsic metallic characteristic after (Na/K/
Mg) adsorption, theoretical specific capacity, and ultralow ion diffusion barriers. The ultralow energy barriers are found to be 0.066
eV (Na), 0.043 eV (K), and 0.058 eV (Mg), inferior to that of the widely investigated MXene materials. During the charging process,
a wide (Na+/K+/Mg2+) concentration storage from which a high specific capacity of 759.24/506.16/253.08 mAh/g for Na/K/Mg
ions was achieved with average operating voltages of 0.84, 0.93, and 0.52 V, respectively. The above results provide valuable insights
for the experimental setup of outstanding anode material for post-Li-ion battery.

KEYWORDS: post-lithium-ion batteries, density functional theory calculations, sodium-ion, potassium-ion, magnesium-ion, anodes,
2D AsP, high specific capacity

1. INTRODUCTION

Due mainly to various outstanding electrochemical features,
such as a great energy density, high efficiency, large insertion
potential, and exceptional cycle efficiency, lithium-based ion
batteries have been widely and fruitfully integrated in
electronic devices including mobile phones, tablets, laptops,
and so on.1−4 During the last years, in parallel with the ongoing
improvement of Li-ion battery performance, their adaptability
has broadened to include both small- and large-scale
applications, notably in electric vehicles and smart grids.5,6

However, the widespread implementation of electrochemical
energy storage systems based on the lithium-ion battery has
been hampered by safety issues and by its relatively high price,
due to its rarity in the earth’s crust.7,8 Therefore, post-Li-ion
batteries (PLIBs) were recognized to be the advanced and
promising green generation of electrochemical energy storage
devices, especially, Na-,9 K-,10 and Mg-ion batteries,11,12 owing
to their availability, adequate insertion potential, and high
safety.13−15

Importantly, it is noteworthy to point out that regardless of
the type of rechargeable batteries, Li-ion or post-Li-ion
batteries, the physical, chemical, and electrochemical proper-

ties of the material utilized in both the anodes and cathodes,
such as outstanding cyclability, high electronic conductivity,
and great specific capacity, is a vital and decisive element in the
evaluation of the battery’s performance.16−20 Despite the
thorough exploration of a wide variety of positive electrode
materials, the state of the art on negative electrode materials
has been considerably hampered.21−29 Many different
materials were experimentally and theoretically demonstrated
to be suitable candidates for Li-ion batteries, such as group
IVA and VA compounds-based alloying and dealloying,30−34

nanostructured materials,35 carbon-based materials,6,36,37 and
metal oxide materials.38 However, these C-based compounds
such as graphite were significantly upgraded with respect to
both safety and cycling efficiency, and they proved inadequate
for use as an anode material to support post-Li-ion batteries.

Received: May 3, 2021
Accepted: August 3, 2021
Published: August 11, 2021

Articlewww.acsaem.org

© 2021 The Authors. Published by
American Chemical Society

7900
https://doi.org/10.1021/acsaem.1c01247

ACS Appl. Energy Mater. 2021, 4, 7900−7910

D
ow

nl
oa

de
d 

vi
a 

U
PP

SA
L

A
 U

N
IV

 o
n 

Se
pt

em
be

r 
23

, 2
02

1 
at

 0
7:

13
:0

2 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nabil+Khossossi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Deobrat+Singh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amitava+Banerjee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei+Luo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ismail+Essaoudi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abdelmajid+Ainane"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rajeev+Ahuja"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rajeev+Ahuja"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaem.1c01247&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c01247?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c01247?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c01247?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c01247?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c01247?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aaemcq/4/8?ref=pdf
https://pubs.acs.org/toc/aaemcq/4/8?ref=pdf
https://pubs.acs.org/toc/aaemcq/4/8?ref=pdf
https://pubs.acs.org/toc/aaemcq/4/8?ref=pdf
www.acsaem.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsaem.1c01247?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsaem.org?ref=pdf
https://www.acsaem.org?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/


Consequently, identifying a good anode material with high
specific capacity and ultralow ion diffusion barriers for post-Li-
ion batteries becomes an essential challenge.
One of the most effective approaches consists of reducing

the dimensionality of the anode materials. Notably, two-
dimensional (2D) materials with high surface area and
outstanding features have the potential to significantly enhance
the kinetics of Na-, K-, and Mg-ion transfer.39,40 For example,
phosphorene and arsenene monolayers were computationally
suggested as a suitable and highly efficient electrode material
for PLIBs offering exceptional theoretical specific capacity and
a low diffusion barrier.41−44 However, the instability of both of
these monolayers under normal conditions severely restricts
their use in PLIB applications.45−47

In addition, based on the outstanding features of the already
available black- and blue-phase phosphorus and arsenic
materials, the new α-AsP and β-AsP materials provide the
opportunity to further explore novel materials with enhanced
physical properties. More recently, a multilayered black
As1−nPn with (0.7 ≤ n ≤ 1) has been synthesized
experimentally and appears to be an α-P-like structure, where
some P atoms are replaced by A atoms.48,49 However, its lattice
constant is a little higher than α-P, due to the slight outward
displacement of As atoms out of the unit cell. Such a flexible
and unique structure presents it as a prospective applicant for
high-performance energy conversion and storage systems. A
number of recent computational and experimental studies have
demonstrated that 2D α-AsP may be a potentially suitable
material for use as a donor material for excitonic solar cells
(XSC), an excellent alternative candidate for optoelectronic,
and a candidate for digital and radio frequency (RF)
applications. To date, from what we know there is no
investigation into the applicability of this 2D α-AsP monolayer
as battery electrodes for energy storage systems.50−53

Here, we investigate for the first time the applicability of the
α-AsP monolayer for post-Li-ion battery electrode. Based on
DFT calculations. We started by rechecking the structural,
dynamical, and thermal stability of the α-AsP monolayer. After
that, the binding energies of Na, K, and Mg atoms at several
suitable adsorption sites on the α-AsP monolayer were

computed. The deformation charge density after the
adsorption of single Na, K, and Mg atoms was calculated.
The equilibrium voltage and theoretical capacity were
calculated by investigating the effect of (Na/K/Mg)
concentration on both sides of the monolayer. The diffusion
path of single Na+, K+, and Mg2+ in the α-AsP monolayer is
along zigzag/armchair directions and in the bulk AsP along the
zigzag directions. And finally, the biaxial strain and its effect on
the adsorption and diffusion barrier were investigated. A
thorough comparison to other currently available 2D α-phase
materials recently predicted for battery electrode reveals that
α-AsP can be distinguished as a potentially attractive addition
to post-Li-ion negative electrode materials.

2. RESULTS AND DISCUSSION
2.1. Structural, Stability, and Electronic Properties of

the α-AsP Monolayer. The atomic structures of a nonplanar
α-AsP monolayer are presented in Figure 1a−c, which shows a
honeycomb-type structure. This structural shape is similar to
black phosphorene.54 In the case of the α-AsP monolayer, we
have replaced a single P atom with As atom.55 The nonplanar
structures of the α-AsP monolayer show dynamic stability, and
each P and As atom bonded with three As/P atoms. As a
consequence, the nonplanar α-AsP monolayer shows the
formation of sp2- and sp3-hybridized chemical bonds. The
optimized lattice parameters a and b are 3.505 and 4.69 Å,
which is consistent with previous literature,51−53,55 while the
lattice parameters of black phosphorene are 3.32 and 4.58 Å,
respectively.56 We can see that the single-atom replacement
significantly increased the lattice parameters. The values of
bond length between As and P are 2.378−2.385 Å and the
buckling height is 2.35 Å. In the next section, we discuss the
absorption of different metal atoms on the α-AsP monolayer
surface. Figure 1b (right) shows the possible positions of
different (Na/K/Mg) atoms with a brown spherical shape.
Now, we will discuss the structural stability of the α-AsP

monolayer. The structural stability is confirmed by thermody-
namic stability, which is examined by their cohesive energies
and their phonon dispersion spectra (Figure 1d). The cohesive
energy of α-AsP is described by

Figure 1. (a−c) Schematic structures of top and side views of a free-standing α-AsP monolayer. The possible adsorption sites are shown on the α-
AsP surface with a brown spherical shape. Dynamic and thermal stabilities of 2D black AsP monolayer, (d) phonon dispersion pattern along the k-
vectors with high symmetry, and (e) variation in total energy over 12 ps during the ab initio molecular dynamic simulation at 300 K with the
geometric snapshot of the structure at the end of the MD simulation.
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= − −E E E E( 2 2 )/4C total As P (1)

where Etotal, EAs, and Ep represent the total energies of the α-
AsP monolayer, an individual arsenic atom, and an individual
phosphorus atom. The EC of the α-AsP monolayer is −5.25
eV/atom. The magnitude of EC is larger than that of the
cohesive energy of β-P (−3.477 eV/atom)57 and gray arsenic
monolayer (−2.84 eV/atom).58 The result of cohesive energies
also indicates that the α-AsP structures are energetically stable.
Also, the thermal stability of the α-AsP monolayer was
investigated by the AIMD calculations. A 5 × 5 × 1 supercell
was used during the simulation at the temperature of 300 K.
Figure 1e shows the snapshot of the α-AsP monolayer at the
end of 12 ps molecular dynamic simulation. The snapshot
shows that the α-AsP monolayer can maintain its structural
integrity throughout the simulation in which there is no
breaking of bond between As-P and also very small fluctuation
appears in the vertical direction of the sheet. According to that,
the simulated result reveals that the α-AsP monolayer may
have good thermal stability at 300 K. Additionally, the kinetic
stability of the α-AsP monolayer is confirmed by phonon
spectra along the high-symmetry points in the BZ as shown in
Figure 1d. There is no imaginary frequency appearing in the
phonon dispersion profile, which suggests the good kinetic
stability of the α-AsP monolayer.
To further understand the nature of the α-AsP monolayer,

we have calculated the electronic band structures as shown in
Figure 2a. For the comparison of electronic band gap, we have
used two different exchange correlation functionals such as
PBE-GGA and hybrid functional with a standard parameter
(HSE06). The electronic band structure shows the direct band
gap at Γ of 0.91 and 1.51 eV by PBE-GGA and HSE06
functionals, respectively. It was seen that the electronic band
lines in the electronic band structure shifted downward/
upward from the Fermi level in the valence band maximum
(VBM) and conduction band minimum (CBM). Moreover, we
have investigated the projected density of states (PDOS) to see

the contribution of orbitals near the Fermi level as shown in
Figure 2b,c. The p-states of As and P atoms have almost the
same contribution near the Fermi level. It means that the p-
states of both atoms are strongly hybridized in VBM and CBM.
According to that, p-states of both atoms are responsible for
making the electronic band gap (i.e., semiconducting nature)
of the α-AsP monolayer.

2.2. Binding Strength of Single (Na/K/Mg) Atom on
the α-AsP Monolayer. To pursue our studies, the first step in
examining the binding strength of a single (Na/K/Mg) atom
on the α-AsP monolayer consists mainly of selecting the
strongest suitable binding site. Assuming the symmetry of the
geometrical structure, we have examined a total of five binding
sites, as depicted in Figure 1b. The starting binding sites are
classified as three different classes: (i) the top site (T1 and T2):
positioning on the top of any P and As atom based on crystal
symmetry; (ii) the hollow site (H1 and H2): locating above a
triangular neighboring unbonded As and P atoms, respectively;
and (iii) the bridge site: positioning between As and P atoms.
Additionally, owing to the mirror-symmetrical nature of the α-
AsP monolayer, it is sufficient just to put the adsorption atoms
on one side of the α-AsP monolayer.
The principle that consists of recognizing the privileged

binding site of Na, K, and Mg atoms on the α-AsP surface is
derived according to the binding strength equation given above
by means of a large 2 × 2 × 1 supercell to prevent the
interaction of adjacent adatoms

= − −E E E Eb (Na/K/Mg)@AsP AsP Na/K/Mg (2)

wherein E(Na/K/Mg)@AsP and EAsP correspond to the total
energies of the α-AsP in the presence and absence of adsorbed
Na, K, and Mg ions, and ENa/K/Mg represents the average
energy of Na, K, and Mg atoms in bulk reference state. By
definition, more negative the binding strength is, more stable
the binding configuration is, indicating the scattering
distribution of the adsorbed Na/K/Mg atoms instead of

Figure 2. Electronic properties of 2D α-phase AsP monolayer. (a) Band structure of α-AsP with GGA-PBE (blue color) and HSE06 (white-black
color) hybrid functional calculations. The Fermi level is set to zero, and the eigenvalue band gaps are indicated in eV. (b, c) Total and partial
density of states of α-AsP at the GGA-PBE and HSE06 levels of theory, respectively. The Fermi level is set at zero.
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their clustering, therefore avoiding the issues arising from the
formation of metal dendrites or metal clusters (e.g., short
circuits) during the charge/discharge process. Table 1
summarizes the computed binding strength at the most stable
binding site configuration and the detailed structural
parameters with charge transfer after single Na/K/Mg
adsorption. It is shown that the α-AsP sheet as anode exhibits
a high affinity toward all metal atoms considered with negative
Eb values of −1.59, −1.78, and −0.91 eV for Na, K, and Mg,
respectively, which are greater than that for (Na/K/Mg)
adsorption energy of some previously explored α-phase
materials, such as Na adsorption on α-SiS and α-SiSe
monolayers (−0.94 and −0.43 eV),59 α-GeS monolayer
(with 1.351/1.430 eV for Na/K),60 α-GeSe monolayer (with
−1.25/−1.36 eV for Na/K),61 and the Mg adsorption on black
phosphorene surface (−1.09 eV),62 implying that the binding

of Na/K/Mg metals to the α-AsP surface occurs as an
exothermic process. The minimal binding height between the
metal atoms and As/P atoms on the surface of α-AsP is
inversely proportional to the atomic radius and to the
electronegativity of the metal atoms and follow the sequence
of K > Na > Mg. In addition, the adsorption of single (Na/K/
Mg) atom induces no significant structural distortion on the α-
AsP surface. The z-direction variation of P atoms relative to
their starting position by adsorption of Na/K/Mg is about
0.049/0.047/0.059 Å, indicating the high stability of AsP as
anode compared to the black phosphorene with a structural
distortion of 0.11 Å.63 In addition, the variation in the total
energy of (Na/K/Mg)@AsP systems versus the perpendicular
distance separating single Na/K/Mg atom to the α-AsP surface
is examined to get insight into the vertical distance at which
the system behaves like isolated without any interaction

Table 1. Adsorption Energies of (Na/K/Mg) Atoms Adsorbed at Five Different Sites of the AsP Monolayer (Figure 1)a

Na/K/Mg binding site binding energy (eV) minimal dAM−As (Å) minimal dAM−P (Å) structural distortion (Å) bader charge

Na H1 −1.59 2.88 2.89 0.049 0.782
K H1 −1.78 3.20 3.22 0.047 0.816
Mg H1 −0.91 2.77 2.81 0.059 0.870

aAlso listed are the minimal bonding distance of the (Na/K/Mg) atoms and the (Na/K/Mg)-to-AsP charge transfer Δρ calculated from the Bader
analysis algorithm. Both minimal bonding distance and Δρ are calculated for (Na/K/Mg) atoms adsorbed at H sites.

Figure 3. Variation in the total potential energy of the (Na/K/Mg) atom on α-AsP sheet as a function of the (Na/K/Mg)−AsP distance.

Figure 4. Charge density difference of single Na (a), K (b), and Mg (c) adsorbed at the most favorable binding site (H-site) on the α-AsP
monolayer. The green and yellow colors refer to the depletion and accumulation of charge, respectively. The isovalue is considered to be 0.0015 e/
Å3.
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between the alkali metal and the surface, as illustrated in Figure
3. It can be clearly seen that the variation of relative energy for
h(Na/K/Mg)−AsP > 7 Å is insignificant owing to the noninteraction
between the (Na/K/Mg) atoms and the α-AsP sheet.
Additionally, there is a noticeable relative energy change of
less than ∼1.5 eV in the case of Na/K atom with a vertical
distance of 1.996/2.441 Å and about ∼0.9 eV with an
equilibrium distance of 1.962 Å, and in the case of Mg atom,
also the vertical distance of 10 Å provides a clear description of
the strong interaction of Na/K/Mg atoms and the AsP surface.
It can be deduced from Figure 3: (i) the interaction between
Na/K/Mg atoms and the AsP monolayer is mostly driven by
the Coulomb interaction, (ii) the van der Waals interaction
contribution can be overlooked, and (iii) there is no energy
barrier between the Na/K/Mg and AsP monolayer.
A more detailed understanding of the binding process can be

further examined through the charge density difference of
single (Na/K/M) atom adsorbed at the most favorable site on
the α-AsP monolayer by means of the equation given below

ρ ρ ρ ρΔ = − −(Na/K/Mg)@AsP AsP Na/K/Mg (3)

wherein ρAsP and ρ(Na/K/Mg)@AsP are the electron charge
densities of the α-AsP system before and after the adsorption
of single (Na/K/M) atom, respectively, and ρNa/K/Mg

represents the electron charge density of single (Na/K/M)
atom isolated in the system by keeping the same lattice
parameters without any further optimization. Figure 4 depicts
the depletion and accumulation of charges for the three
systems represented as isosurface distributed charge density
plots. One can notice that the charge-accumulating zone
represented by the yellow color is situated within the (Na/K/
M) atom and the surface of our material, and the depletion of
charge represented by the green color surrounds the (Na/K/
M) atom, which indicates that the alkali metal considered
donated charge to the AsP surface, which results in the higher
electronegativity of As and P atoms compared to that of (Na/
K/M) atoms. Moreover, the charge transfer approach
performed using Bader charge algorithm and the results are
summarized in Table 1. It can be noticed that each single Na,
K, and Mg loses an average electron charge of about 0.782,
0.816, and 0.870 |e|, respectively.

2.3. Diffusion Kinetics of (Na/K/Mg) Atom on the α-
AsP Surface. High-efficiency battery development is a
critically dependent capability of the anode materials especially
on the charging and discharging process, which is largely
driven by the kinetic properties of electron transfer and ionic
mobility. Accordingly, the electronic behavior of single (Na/
K/Mg) adsorbed on the α-AsP system is investigated by

Figure 5. (a−c) Schematic view showing the single (Na/K/Mg)-atom diffusion pathways on the surface of α-AsP with the corresponding
minimum-energy path (MEP), (d) for Na atom, (e) K atom, and (f) Mg atom diffusing along three different pathways on α-AsP. (g) Schematic
view of the two possible percolating paths (shown by blue and yellow lines) where the net migration barrier leads by path II. (h) Top and side
snapshots of the diffusion path of single (Na/K/Mg)-atom in bulk AsP along the zigzag directions. (i) Corresponding minimum-energy path
(MEP) of single (Na/K/Mg) atom diffusing along path I in bulk AsP.
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computing the electronic band structure with the correspond-
ing total density of state and depicted in Figure S1, SI. Our
findings clearly indicate that all our anode material changes the
electronic characteristic from a semiconductor to a metallic
characteristic after a single (Na/K/Mg) adsorption, ensuring
the rapid and fast transfer of electrons in the anode throughout
the full adsorption and desorption reaction, which plays a key
role in the high-throughput capacity of post-Li-ion batteries.
Furthermore, the dilute (Na/K/Mg) diffusion paths with

their corresponding minimum-energy profile (MEP) were
explored by the CI-NEB method for one (Na/K/Mg) atom
scattered on the surface of the α-AsP monolayer. Figure 5a−f
illustrates the top and side views of the schematic illustration of
three scattering paths considered in our study and their
corresponding relative energy profile. The three chosen paths
consist of a symmetrical (Na/K/Mg) diffusion along the zigzag
(a-direction) and armchair (b-direction) channels and over the
(H2) of the α-AsP surface. Path I implies that the (Na/K/Mg)
ion diffuses from the most stable site characterized by the
highest binding strength (H1) to the closest (H1) site along the
zigzag direction, and it can be clearly noticed that the (Na/K/
Mg) atom needs to exceed a MEP of about 0.062, 0.043, and
0.054 eV, respectively, to diffuse toward the closest (H1) site.
For path II, the (Na/K/Mg) atom diffuses along the armchair
channel with computed MEPs of approximately 0.489, 0.414,
and 0.383 eV, respectively. In the case of path III, the (Na/K/
Mg) atom migrates over the (H2) site with calculated
minimum barrier profiles of 0.412, 0.362, and 0.405 eV,
respectively. These obtained values of diffusion barrier are in
line with the results of binding strength presented in Table 1;
the (Na/K/Mg)-ion migration barrier in the first pathway
exhibits the lowest energy barrier compared to other pathways.
It can be noticed that the diffusion barrier profile progressively
decreases with respect to the increase in the atomic number of
Na (11), K (19), and Mg (12). For comparison purposes, our
computed diffusion barriers of (Na/K/Mg) atoms along the
first pathway on the α-AsP surface are similar and substantially
lower compared to those revealed in earlier identified potential
2D α-phase anode materials, such as the most studied black
phosphorene with a minimum diffusion barrier of about 0.04
eV in the case of Na atom,43 α-GeS monolayer with an energy
barrier of 0.09/0.05 eV for Na/K,60 and α-GeSe monolayer
with a minimum-energy profile of 0.115/0.11 eV in the case of
Na/K atom,61 as summarized in Table 2. It shows that Na/K/
Mg atoms are able to diffuse more quickly along the first
pathway over AsP compared to other paths, and therefore, a
high charge/discharge efficiency is expected. To summarize,
we have investigated three migration barriers and found that
path I exhibits the lowest energy barrier. If we consider only
this pathway (i.e., path I), the Na/K/Mg atom will migrate in

one crystallographic direction, i.e., a-axis only, and by moving
along the a-axis, it will never reach other crystallographic
directions, i.e., b- and c-axes. From the practical point of view,
accessing the possible binding sites for alkali atoms along the b
and c axes or connecting those sites with the sites along the a-
axis could be essential to enhance the performance of the
anodes. All of these sites could be connected by overcoming
the net migration barrier, which is lead by path II, having the
highest energy barrier out of the three considered possible
pathways. In this case, we will have two distinct percolating
pathways: (1) either the Na/K/Mg atoms could migrate along
the b-axis (by overcoming the barrier of path II), then along
the a-axis (i.e., this direction combines path II and path I)
(yellow line in Figure 5g) or (2) after overcoming the barrier
along the b-axis, atoms could migrate along path III, then along
path I to return to its initial start position (blue line in Figure
5g). For further migration analysis in this study, although we
have considered only path I, we think a similar picture of the
net migration as discussed above will be applicable for other
studied systems in this study.
In addition, the dilute (Na/K/Mg) diffusion along the

zigzag direction (path I), which exhibits the lowest energy
barrier, was explored in the case of the AsP bulk system. The
top and side views of the schematic representation of the
pathway considered with the corresponding MEP are
illustrated in Figure 5h,i. Our results show that in the case of
(Na/K/Mg) atom, only one peak is obtained with minimum
barrier profiles of about 0.20, 0.12, and 0.32 eV, respectively.
These values are lower than those obtained in the case of bulk
GeS and GSNS material; the MEP of K is lower compared to
those of Na and Mg, which can be attributed to great atomic
radius of K compared to Na and Mg and then to the strong
interaction existing between the K and AsP monolayer rather
than that of the Na/Mg and AsP monolayers. According to an
in-depth analysis of these values, one can affirm that our
suggested bulk and monolayer α-AsP anode material offers a
fast and effective (Na/K/Mg) diffusion and fast charge−
discharge rates. More convincing statement can be made if we
compare these diffusion barrier values to other attractive α-
phase anode materials, which have been proposed previously
and are listed in Table 1.

2.4. Equilibrium Voltage and Theoretical Capacity.
Additionally, to understand the electrochemical potentials of
the anode, we have computed the equilibrium potential and
the theoretical specific capacity of the α-AsP monolayer as an
anode material in a post-Li-ion battery. With the purpose of
highlighting the intercalation process, Na/K/Mg ions were
gradually inserted on both sides of the α-AsP monolayer. For
each Na/K/Mg concentration, we have employed the basin-
hopping Monte Carlo algorithm (BHMC)64 to achieve overall

Table 2. Comparative Summary of Specific Capacities, Diffusion Barriers, and Open-Circuit Voltages of Different Anode
Materials for NIBs/KIBs/MIBs Available from the Literature

specific capacity (mAh/g) diffusion barrier (eV) open-circuit voltage (V)

α-phase 2D materials Na K Mg Na K Mg Na K Mg

α-AsP 759.24 506.16 253.08 0.06 0.04 0.05 0.84 0.93 0.52
α-Pa 433−865 0.04 0.89
α-GeSb 512.0 256.0 0.09 0.05 0.23 0.36
α-GeSec 707.0 530.0 0.115 0.11 0.27 0.38
α-SiSd 445.6 0.135 0.2
α-SiSed 250.3 0.158 0.2

aRefs 63, 65. bRef 60. cRef 61. dRef 59.
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minimum structures. With the aim of getting the lowest
energetic setup available, a total of 100 starting structures were
examined where the Na/K/Mg ions are allowed to choose the
binding positions on both sides of the pristine surface and the
lowest-energy configuration is adopted to be fully optimized
under energy and force convergence criteria. A 2 × 2 × 1
supercell was assumed where the concentrations vary from 1 to
24 in the case of Na atom, from 1 to 16 for K atom, and from 1
to 8 for Mg atom. At this point, to evaluate the estimated
open-circuit voltage, the half-cell reaction is taken as follows

− + − +− Fn n n n( )M e M AsP M AsPn n2 1 2 1 1 2 (4)

where M indicates Na+/K+/Mg2+, and n1 and n2 represent
the respective concentrations of Na+/K+/Mg2+ absorbed on
the α-AsP monolayer. For every given concentration, we
carried out a BHMC, and then only the global minimum
structure with the lowest energy was used in the further
calculations. The highest concentration has been determined
according to two relevant principles: first, the average binding
strength, which requires negative values, and the second
concerns the thermal stability of the electrode during the
charge/discharge process. It is important to point out that for
the second requirement, the α-AsP anode recovery process
with completely removed Na+/K+/Mg2+ through AIMD
simulations was carried out at 300 K and a time scale of 10
ps, and the final anodes structures are illustrated in Figure S2
(SI). Subsequently, the resulting structures were taken, and a
further AIMD simulation with 5 and 10 ps as well as an energy
optimization computation was then conducted, which
provided the starting α-AsP structure, which proves the
reversible characteristic of the α-AsP anode material. The
structural parameters are found to be in good accordance with
our pristine structure. Furthermore, it can be noticed that there
were no significant deformation or bond breakage in the 2D α-
AsP anode through (Na+/K+/Mg2+) intercalation, except slight

thermal vibrations of As and P atoms have been noticed in the
case of Mg2+ intercalation.
We further checked the stability of every single concen-

tration through the average adsorption energy and of the
intermediate phases relative to ultimate final structures (the
full concentrations) by means of respective formulas

=
− −

E
E E nE

n

( )
avg

(Na/K/Mg) @AsP AsP Na/K/Mgn

(5)
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n

3 2 max AsP

(6)

where E corresponds to the total energy of each underlying
material and xmax refers to the high (Na+/K+/Mg2+)
concentrations. Accordingly, the intercalation potential is
derived based on the phases arising in the convex hull tie
line. Consequently, the voltage profile is determined through
the mean of the voltages across the segments of different
configurations and calculated as follows

=
− + −

−

V
E E n n E

n n e

( )

( )
(Na/K/Mg) AsP (Na/K/Mg) AsP 2 1 Na/K/Mg

2 1

n n1 2

(7)

where E(Na/K/Mg)n1/2AsP refers to the energy of (Na/K/

Mg)n1/2AsP. Figure 6a−c illustrates the formation energies of
(Na/K/Mg)xAsP systems, and the intermediate stable phases
with the lowest formation energies situated on the hull are
indicated by a black circle. These intermediate stable
configurations are subsequently used to compute the open-
circuit potential as outlined in eq 7. One should notice that the
Na+/K+/Mg2+ intercalation process is expected to yield varying
potential profiles owing to different stable intermediate

Figure 6. (a−c) Formation energies considering the ground-state structures found by adding atom by atom to the host structure for NaxAsP,
KxAsP, and MgxAsP systems, respectively. (d−f) Open-circuit voltage as a function of concentration x (in eV) for Na3AsP, K2AsP, and MgAsP,
respectively.
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configurations obtained. Figure 6d−f illustrates the open-
circuit voltage with the corresponding average binding
energies. It can be clearly seen that five discharge profile
plateaus are obtained in the case of Na/K with an average
open-circuit voltage of about 0.84/0.93 V and four insertion
potential plateaus in the case of Mg with an average OCV of
0.52 V. Additionally, over other α-phase 2D materials as
outlined in Table 2, α-AsP offers a more promising potential
for developing a high-voltage rechargeable post-Li-ion battery.
In addition, the theoretical specific capacity of the AsP

monolayer for (Na+/K+/Mg2+) storage is estimated based on
the following formula

=
· · ·

C
x z F

W
10max

3

AsP (8)

where xmax, z, and F refer to the high (Na+/K+/Mg+2)
concentrations obtained in the convex hull, the valence state of
completely ionized (Na/K/Mg), and the Faraday constant,
respectively, and WAsP denotes the molecular weight of the 2D

AsP monolayer. From this, the computed theoretical specific
(Na+/K+/Mg+2) capacities are 759.24, 506.16, and 253.08
mAh/g, respectively. Such values are considerably greater than
that of the commercially available graphite and of other α-
phase 2D materials such as α-GeS60 and α-GeSe61 for both
Na/K, as summarized in Table 2.

2.5. Effect of Biaxial Strain Engineering. Furthermore,
we have applied tensile strain in the α-AsP monolayer, which
varies from −10 to 10% with the interval of 1%. First, we will
discuss the electronic properties and then study its effects on
Na/K/Mg-ion adsorption and migrations of Na/K/Mg ions on
the α-AsP monolayer surfaces. The applied strain is defined as

ϵ = −a a a( )/0 0 (9)

where a and a0 represent the lattice constant of the α-AsP
monolayer with strain and without strain, respectively. To
study the effect of strain on the electronic properties and
understand the physical/chemical origin of the enhanced
adsorption, we have plotted the electronic band gaps as a

Figure 7. (a) Schematic illustration of the α-AsP monolayer by adjusting Biaxial tensile strain optimization to single (Na/K/Mg) atom adsorbed on
the α-AsP monolayer. (b) Variation of adsorption energy of single (Na/K/Mg) atom on α-AsP with respect to tensile strain.

Figure 8. (a) Schematic view of single (Na/K/Mg) atom diffusing along the first path in α-AsP under biaxial strain. (b−d) Minimum-energy path
(MEP) with respect to biaxial strain (compressive and tensile strain) for Na, K, and K atoms, respectively.
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function of applied strain. Figure S3 shows the effect of strain
(compressive and tensile) on electronic band gap. It was
clearly seen that the applied strain significantly changes the
electronic properties of the α-AsP monolayer. At the
compressive strain, the band gap reduces linearly with
increasing strain, and after −10% strain, it shows metallic
behaviors using the HSE06 functional. The tensile strain
displayed an increasing band gap with increasing strain, and
after a certain strain (i.e., 5%), it started decreasing band gap.
We can see that the band gap at a higher strain of 10% shows
almost the same band gap without strain. The modification of
electronic properties with applying strain will be beneficial for
adsorption of metal ions and other properties.
Figure 7 displays the effect of tensile strain for the calculated

adsorption difference and adsorption energy versus strain.
Remarkably, we can see that the minimal adatoms to As/P
bonding distances maintain (i.e., very small variation in a
distance of 0.01−0.04 Å from As atom while 0.01−0.12 Å from
P atom from initial distances) with increasing strain for Na/K/
Mg-ion adsorption as shown in Table S2. This is accompanied
by a significant increase in energy adsorption. The significant
variation of structural distortion (i.e., buckling height between
As and P layers) was also seen. In addition, the adsorption of
these Na/K/Mg ions on the surface of the α-AsP monolayer is
shown in Figure 7a. The adsorption energy of Na/K/Mg ions
gradually increases from without strain to applied tensile strain
10%. The adsorption energy for Mg ions increases 2 times
from without strain, while 1.3 times increases in the case of
Na/K ions (see Figure 7b). It means that the applied strain is
an effective approach to significantly enhance the adsorption
energy of these metal ions.
Furthermore, to demonstrate the relationship between

migration of metal ions (Na/K/Mg-ions) and applied strain
to see the energy barriers. During the applied strain, we have
displayed only first path for the minimum-energy path (MEP)
of a single Na/K/Mg atom as presented in Figure 8a. The
migrations of these considered ions were subjected to biaxial
compressive and tensile strain from −6 to +6%. From Figure
8b−d, we can see that the migration of energy barriers for Na/
K/Mg ions displayed a similar pathway. We can also see that
the Mg has a much smaller energy barrier, which suggests a
faster diffusion process compared to the other two Na and K
ions. It can be seen that the K ions are more sensitive to
compressive strain because they have a very low energy barrier.
It means that the diffusion process of K ions is much faster at
compressive strain. Also, the tensile strain increases the
migration energy barrier while compressive strain decreases
the energy barrier. From these results, we can say that the
compressive strain will be a more effective approach to
enhance the migration of these metal ions for battery
applications.

3. CONCLUSIONS
Basically, we have investigated the prospective applicability of
using the α-phase arsenic phosphorus monolayer (α-AsP) as
an electrode material for (Na+, K+, Mg2+)-based rechargeable
batteries. Through DFT-based calculations and AIMD
simulations, both the thermodynamics and kinetics of (Na+,
K+, Mg2+) intercalation were thoroughly evaluated. Our
findings show that the α-AsP monolayer as an electrode
presents a high affinity toward Na, K, and Mg atoms with
negative binding strengths of about −1.59, −1.78, and −0.91,
respectively. Additionally, it is determined that the (Na+, K+,

Mg2+) storage on both sides of the α-AsP surface can reach
very high theoretical specific capacities of about 759.24 mAh/g
(Na), 506.16 mAh/g (K), and 253.08 mAh/g (Mg) greater
relative to standard commercial graphite anode and signifi-
cantly greater relative to many other α-phase 2D materials
identified to date. The stability and reversibility in geometrical
structure change during the (Na+, K+, Mg2+) insertion were
also checked through the AIMD simulations. Based on our
findings, the new and recently synthesized 2D α-phase arsenic
phosphorus monolayer is worthy of serious consideration by
the energy storage research and industry community. Its
suitability as a 2D material of basic applications is also
convincing.
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