Open Access Article. Published on 30 August 2019. Downloaded on 10/24/2025 7:55:20 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

ROYAL SOCIETY
OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: RSC Adv., 2019, 9, 27378

Lixin Xiong,® Hewen Wang,*® Wan Xiong,? Shicheng Yu? and Chuying Ouyang

First principles study of g-MgzN, as an anode
material for Na-,

K-, Mg-, Ca- and Al-ion storaget

e
/WT”’«) *a

Searching for electrode materials for non-lithium metal ion batteries (NLMIBs) is key to the success of NLMIBs.

In this work, we investigated the scientific feasibility of using g-MgsN,, which is a novel 2D graphene-like
material, as an anode for non-lithium metal-ions (Na, K, Mg, Ca and Al) batteries based on density
functional theory calculations. The sequential adsorption energy, Bader charge, intercalation voltage,

energy-storage capacity, electronic conductivity and metal-ion diffusion energy barrier are calculated.
Results show that the metal-ion intercalation potentials and diffusion energy barriers are suitable for battery

application. The maximum specific capacities for Na-, K-, Mg-, Ca- and Al-ion on g-MgzN, are predicted
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to be 797, 797, 531, 1594 and 797 mA h g~%, respectively. The excellent structural stability of g-MgzN, is

good for the cycling performance. Moreover, the electronic structure of the g-MgszN, changes from
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1. Introduction

Developing sustainable and renewable energy to replace tradi-
tional fossil fuels has always been a significant challenge in the
world."* The rapid development and application of wind and
solar energies has motivated researchers to look for novel
energy storage materials with larger capacities and longer
cycling life.® Lithium-ion batteries (LIBs) as outstanding energy
storage systems have been hugely successful in portable elec-
tronic devices for decades.” The excellent performance of LIBs,
such as high working voltage and energy density, good cyclic
stability and environmental friendliness, is exactly what
portable electronic devices and electric vehicles (EVs) need for
power supply.>® However, the inadequate natural abundance of
lithium reserves, which in turn leads to expensive commercial
cost, restricts the wide application of LIBs in large-scale elec-
trical energy storage and EVs.” Therefore, new metal-ion
batteries utilizing other elements such as Na,* K, Mg,"* Ca™
and Al" have been considered as potential alternatives to LIBs.
These substitutes should possess low redox potentials, high
specific capacities, excellent cyclic stability and most impor-
tantly, low cost.*®

The key to the success of non-lithium metal-ion batteries
(NLMIBs), which use non-lithium metal-ions as charge carrier,
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semiconductor to metal upon metal-ion adsorption, as well as relatively low metal-ion diffusion energy
barriers (except for Al-ion diffusion), are beneficial to the charge/discharge rate of the g-MgsN, anode.

is the properties of corresponding electrolyte and electrode
materials.**** Therefore, searching for new electrode materials
with appropriate performance becomes urgent from the scien-
tific point of view. Recently, many cathode materials for NLMIBs
have been reported such as framework materials,'®"” polyanion
compounds™" and layered transition-metal oxides.?***
However, due to the larger ionic radius and higher valence state
of non-Li metal-ions, the use of conventional LIBs anode
materials in NLMIBs is unsatisfactory.?»*® Fortunately, 2D
materials were found to have potential applications as anodes
for NLMIBs, both experimental and theoretically.>*** For
example, MXenes are considered as promising anode materials
for NLMIBs due to their unique 2D structural character, which
benefits fast metal-ion diffusion and provides more space for
metal-ion storage.*** Mortazavi et al. found that the flat bor-
ophene is promising anode material with superhigh capacities
of Na- (1640 mA h g~') and Mg-ion (2480 mA h g~ ') storage.”®
They also revealed the outstanding performance of boron-
graphdiyne as an anode material with ultrahigh capacities of
808 and 5174 mA h g~ for Na- and Ca-ion storage.*® Lei et al.
predicted that B,S monolayer is a promising anode material for
Na- and K-ion batteries with high energy density and low
diffusion barriers.** Demiroglu et al. reported that the MXene
electrode materials of Ti,CO, and V,CO, are promising for Na-
ion battery applications, Ti,CO, could be applied as low voltage
applications and V,CO, is more appropriate for higher
voltages.*

Recently, a novel 2D material g-Mg;N, was predicted to be
a stable graphene-like structure by a global particle-swarm
optimization method.*® It was found that the cohesive energy
difference between the monolayer g-Mgs;N, and bulk phase
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Mg;N, is only 0.01 eV per atom, which leads to good chemical
stability of the g-Mg;N, that is capable of withstanding
temperatures higher than 2000 K. The planar geometry of the g-
Mg;N, is highly graphene-like, and thus the advantages of
graphene can also be found in the g-Mg;N,. In order to take the
graphene-like advantages of g-Mgz;N,, it is worthwhile to
investigate the scientific possibility of applying g-Mg;N, as an
anode material for NLMIBs.

First-principles calculations are proved to be a reliable tool to
study the metal-ion adsorption, electrochemical potential,
electronic conductivity and ionic diffusion in electrode mate-
rials for NLMIBs.>*¢ In this paper, we systematically investi-
gated Na-, K-, Mg-, Ca- and Al-ion storage behaviors in g-Mg;N,
with first-principles calculations. We begin our work from
single metal-ion adsorption on g-Mg;N, in three particular
sites, followed by a performance evaluation of g-Mg;N, as an
anode material for NLMIBs. The intercalation potential, theo-
retical capacity, electronic structure, and metal-ion diffusion
are studied. We finally conclude that g-Mg;N, has potential
application as an excellent anode material for NLMIBs.

2. Computational method

In this paper, all calculations are implemented by the Vienna Ab
initio Simulation Package (VASP) based on density functional
theory (DFT).*” Projector augmented wave (PAW) method in
combination with the generalized gradient approximation
(GGA) expressed by the Perdew-Burke-Ernzerhof (PBE) func-
tional are used.*®* The cutoff energy for the plane-wave is
chosen to be 550 eV for all calculations. van der Waals correc-
tions are included via using the DFT-D3 method to better
describe the dispersion interactions between adsorbed metal-
ions and host 2D materials.*>** The lattice parameters as well
as the ionic positions are adequately optimized until the ulti-
mate atomic forces and the internal stresses are converged to
0.02 eV A~! and 0.1 kbar, respectively. The density of states
(DOS) are calculated by the Gaussian smearing method with
a smearing width of 0.05 eV. The monolayer 2D host material is
separated by a 15 A vacuum layer along the z-axis direction. The
Monkhorst-Pack scheme 5 x 3 and 3 x 3 k-point mesh are used
for orthogonal unit cell and the 2 x 1 supercell, respectively.**
The nudged elastic band (NEB) method is applied to optimize
the metal-ions migration paths and evaluate the energy
barriers.*® The charge distribution among metal-ions and 2D
host is analyzed by the Bader charge analysis.** The phonon
dispersion data are calculated using the linear response
method, and the phonon data is collected with the PHONOPY
code.*

Adsorption energies E,q4 are used to measure the metal-ions
adsorption strength on the 2D host material. Meanwhile, the
amount of metal-ions storage on g-Mgz;N, can be evaluated by
the sequential adsorption energies defined as:

Ead = Ehost+(n+l)M - Ehost+nM - EM (1)

where Eni, Enostt(nt1)my aNd Epogtinm are the calculated ground
state energies of the gas phase metal-atom in vacuum, and the
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2-Mg;N, host with (n + 1) and n metal-ions adsorbed, respec-
tively. If the metal-ions adsorption energy is lower than the
cohesive energy of the bulk phase metals, which are defined as
the total energy difference of one metal-atom in its bulk phase
metal and its gas phase state in vacuum, the intercalation
potential is positive. As the intercalation potential is also
dependent on the adsorption concentration, we need to calcu-
late the sequential intercalation potential, which is defined as:

EM~\’2M€3N2 - EleMgzNz - (x2 - XI)EM

V=
(x2 — x1)ne

(o>x1)  (2)

where Evix mg N, Emx,mg N, and Ey are the total energies (in eV)
of the M, Mg;N,, M, Mg;N, and one metal atom in its bulk
phase metals, respectively. x, — x; is the number of metal-ions
intercalated/deintercalated, and n refers to the corresponding
valence electrons of the metal-ion.***” The maximum theoret-
ical capacity (Cy) can be estimated by the following equation:

(3)

Cyp = XmaxHF

My,
where Xmax, 7, F and My, are the maximum number of
adsorbed metal-ions, the number of corresponding metal-ion's
valence electrons, the Faraday constant and the mass of My .,
respectively. The x;,ax is maximum number of metal-ions that
can be adsorbed on the g-Mg;N, before the potential decreased
to 0 V.

3. Results and discussions
3.1 Single metal-ion adsorption on g-Mg;N,

The space group of g-Mg;N, is P6/mmm (no. 191), with N atoms
occupying 3g Wyckoff position and Mg atoms occupying
another 3g Wyckoff position, as shown in Fig. 1(a). The opti-
mized lattice constants of primitive unit cell are a = b = 6.6316
A, in good agreement with previous reports.** In order to
better demonstrate of the metal-ions adsorption sites, we use
the orthogonal unitcell that includes 6 Mg and 4 N atoms, as
shown in Fig. 1(b). According to the symmetry of the g-Mg;N, in
the orthogonal unitcell, only three sites are considered for
metal-ions adsorptions. B-site is the bridge sites of N atoms
(also top of the Mg atom), H-site is the center of hexagon ring
and T-site is top of the N atom. Fig. 1(c-g) show the relaxed
atomic structures with corresponding metal-ions adsorbed on
each site.

Table 1 presents the detailed information on energetics,
structural and charge transfer of the g-Mg;N, after single metal-
ion adsorption. After any metal-ion adsorption on B-sites (top of
Mg atom), the corresponding Mg atom moved downwards and
out of the graphene-like plane due to the repulsive interaction
between them. As for different metal-ions adsorbed on the T-
site, the negatively charged N atom and positively charged
metal-ions attract each other and the N atom moves toward the
metal-ions. Adsorption energies of different metal-ions in H-site
are higher than corresponding bulk phase metal cohesive
energies, which are calculated to be —1.248, —0.999, —1.734,
—2.066 and —3.678 eV for Na, K, Mg, Ca and Al, respectively.
This shows that H-site is not suitable for metal-ion adsorption

RSC Adv., 2019, 9, 27378-27385 | 27379
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Fig.1 The top views of the atomic structure of the hexagonal g-MgzN, primitive cell (a) and the orthogonal g-MggN4 unitcell with metal-ions
(black spheres) adsorption at B (bridge), T (top), and H (hollow) sites (b). (c)—(g) are the side views of the atomic structures with single metal-ion
adsorption at B (up), H (middle), and T (down) sites after relaxation. The green, blue, yellow, purple, gray and red spheres denote Mg, N, Na, K, Ca

and Al atoms, respectively.

from energetics point of view, and thus H-site is no longer
considered in later calculations. Meanwhile, the adsorption
energies of different metal-ions in both B-site and T-site are
thermodynamics favorable. The Bader charge analysis suggests
that the adsorption energies are strongly correlated with the
charge loss of the metal-ions, namely, the more electrons metal-
ions lose, the lower system energy is. This indicates the
Coulomb interaction dominates the energetics of the metal-ion
adsorption on g-Mg;N,. As Mg atom and metal-ions are posi-
tively charged while N is negatively charged, metal-ions at T-site
have the strongest attractive force from the closest N-atom
(please refer to the distances of metal to Mg atoms dywmg
and N atoms dy.y given in Table 1). However, due to the
repulsive forces from three nearest neighboring Mg atoms,
adsorption energies at T-sites are higher than the correspond-
ing metal-ion adsorption at B-sites. When metal-ions adsorbed
at the B-site, there are two nearest neighboring N atoms
attracting to them, as shown in Fig. 1(b). As for H-site, the N-
distance is larger than the Mg-distance, leading to the
stronger repulsive interaction and the weaker attractive inter-
action. Consequently, all metal-ions adsorption energies at H-
sites are high and not suitable for metal-ion storage.

3.2 Theoretical specific capacity and intercalation potential

Due to the repulsive interactions among positively charged
metal-ions, the adsorption energies are also sensitive to the

metal-ion adsorption concentration and increases with the
increased concentration. Meanwhile, in order to figure out the
maximum amounts of metal-ions that can be adsorbed on the g-
Mg;N, surface before the adsorption energies reach the cohe-
sive energy of the corresponding bulk phase metals, we calcu-
lated the sequential adsorption energies at different metal-ions
concentrations. We gradually add metal-ions according to
above single atom adsorption sites and energies until the
sequential adsorption energies become close to the cohesive
energies of the corresponding bulk phase metal. At the same
concentration of metal-ions, we choose the adsorption config-
uration with the lowest energy. The adsorption energies as
a function of the metal-ion adsorption concentration are pre-
sented in the ESI (Fig. S1t), from which we can see that the
maximum numbers of Na-, K-, Mg-, Ca- and Al-ions can be
adsorbed on the unitcell of the g-Mg¢N, are 6, 6, 2, 6 and 2,
respectively. The atomic structures and arrangement of the
adsorbed metal-ions are presented in Fig. 2(a-e). The corre-
sponding theoretical capacities for Na*, K*, Mg**, Ca®" and AI**
are 797, 797, 531, 1594 and 797 mA h g™, respectively.

In addition to the theoretical capacity, voltage is another
important character of an electrode material. Since lower anode
potential is beneficial for higher output voltage of the battery
system, relatively low intercalation potential of an anode
material is expected. The intercalation potentials on g-Mg;N, as
a function of their theoretical capacities are presented in
Fig. 2(f). As is shown, the obtained potentials are acceptable for

Table1 The transferred charges (Ag) from metal-ions by Bader, the adsorption energies (E,qy), the vertical distance from the metal-ion to the 2D
host plane (height) and the distance from metal-ion to its nearest neighboring N/Mg atoms (Mg-, N-distance)

Aq (e) E.q (€V) Height (A) dvimg () dyvn (A)

B H T B H T B H T B H T B H T
Na —0.749 —0.601 —0.673 —1.728 —1.143 —1.385 1.889 1.385 2.669 2.711 3.632 3.340 2.423 4.048 2.276
K —0.753 —0.720 —0.704 —1.687 —1.333 —1.426 2.432 1.897 2.907 3.088 3.922 3.628 2.830 4.222 2.656
Mg —1.107 —0.017 —0.812 —2.060 —0.898 —1.321 1.448 1.572 2.596 2.624 3.655 3.137 2.043 4.139 2.021
Ca —1.186 —0.571 —0.803 —3.082 —1.143 —2.117 1.836 2.382 2.789 2.864 4.081 3.293 2.260 4.499 2.168
Al —1.404 +0.289 —0.782 —3.716 —1.526 —2.901 1.414 0.300 2.625 2.642 3.287 3.198 1.892 3.843 1.844
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Fig. 2 Metal-ions adsorption configurations of maximum theoretical capacity are shown in (a)-(e), the green, blue, yellow, purple, gray and red
spheres denote Mg, N, Na, K, Ca and Al atoms, respectively. The calculated sequential metal-ions intercalation potentials on g-MgsN, as

a function of theoretical capacity are showed in (f).

NLMIBs anode applications. The theoretical capacity and
voltage are negatively correlated, which can be attributed to the
weakened attractive electrostatic interaction between the metal-
ions and the 2D host and the enhanced repulsive electrostatic
interactions among the metal-ions at a higher concentration.
As an anode material, the structural stability of the g-Mg;N,
is also very important, particularly after the metal-ion is
adsorbed (discharged states). In order to test the structural and
thermal stability of the g-Mg;N, anodes, phonon dispersion
curves calculated and AIMD simulations are performed. The
phonon dispersion curves of pristine g-Mg;N, as well as Na- and
Mg-ion adsorbed cases (Na;Mg;N, and Mg;Mg;N,) are pre-
sented in the ESI (Fig. S27). As is seen, imaginary frequencies
are not observed, showing that these structures are dynamically

This journal is © The Royal Society of Chemistry 2019

stable at their ground states. Furthermore, AIMD simulation
results (refer to ESI Fig. S3t for details) also suggest that the
thermal stability of the g-Mg;N, can be stable at 300 K, even at
the highest metal-ion adsorption concentrations (NazMgs;N,
and Mg;Mg;N,). The phonon dispersion curves and the AIMD
simulation results suggest that the g-Mgs;N, anode may have
good cycling stability.

3.3 The charge/discharge rate performance of g-Mg;N,

The speed of charge/discharge is an important consideration in
battery applications. The charge/discharge rate performance of
an anode material is determined by the electronic conductivity
and metal-ions diffusivity. Here we considered both of them to
evaluate the rate performance of g-Mg;N,. The electronic

RSC Adv., 2019, 9, 27378-27385 | 27381
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density of states (DOS) of the g-Mg;N, before and after metal-
ion adsorption are presented in Fig. 3. As is seen, the intrinsic
electronic structure of the g-Mg;N, is undesirable semi-
conductor (band gap 0.91 eV). However, upon different
concentrations and species of metal-ions adsorption, the elec-
tronic structures become metallic, as is shown in Fig. 3(b-f).
This is beneficial to improve the electronic conductivity during
the charge/discharge process. In addition, we also found that
except Al, the more metal-ions are adsorbed, the higher inten-
sity of the DOS around the Fermi level is observed. Above results
indicate that more active electrons are created in the system
during metal-ions adsorption process, showing better elec-
tronic conductivity can be obtained at higher concentrations.
We had demonstrated that g-Mg;N, have good electronic
conductivity after metal-ions adsorbed, next we will probe the
metal-ions diffusions on the g-Mg;N,. Previous reports had
already shown that the 2D materials possess high diffusion

View Article Online

Paper

coefficient and low migration energy barriers.***>*° Since the
metal-ions migration energy barrier is related to the metal-ion
concentration, we construct a 2 x 1 orthogonal supercell to
reduce the influence from periodic boundary conditions. As
discussed above, all metal-ion prefers to stay at the most ener-
getically stable adsorption B-site. Therefore, we only consider
the different metal-ions migrations from one B-site to its
neighboring B-site.

Fig. 4(e) shows all possible pathways for single metal-ion
migration on the g-Mg;N, surface. The name of pathway is
ranked by the length, the shortest distance pathway is named
Path-1, and the longest pathway is named Path-4. In fact, the
Path-3 for Na-, K- and Ca-ion are finally become the same as
Path-2 during the NEB calculation. For all positive charged
metal-ions during migrations, the more positive charges they
carried, the stronger repulsive force they experienced. Thus, the
Na' and K" migration energy barriers are much lower compared
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and purples spheres represent the N atoms and different metal-ions adsorbed upon the Mg atom (B-site). The 2D metal-ions diffusion networks

are illustrated by four colored arrows.

with Mg>*, Ca®>" and AI** during all migration pathways. The
obtained the migration energy barriers of all metal-ions are
shown in Fig. 4(a-d). The lowest migration energy barriers for
Na®, K", Mg**, Ca®" and AI’" are 315 meV in Path-1, 192 meV in
Path-3 (actually Path-2), 828 meV in Path-1, 984 meV in Path-2
and 937 meV in Path-1, respectively. In general, large ion
radius would restrict the capacity and rate performance.
However, our results show the charge of metal-ions, rather than
the ion radius are the main factors to be responsible for
migration energy barriers on g-Mg;N,. The ion radius of Li",

This journal is © The Royal Society of Chemistry 2019

Na“, K', Mg>", Ca®>" and AI*" are 0.76, 1.02, 1.38, 0.72, 1.00 and
0.54 A, respectively. Although the radius of the AI** is the
smallest of all metals, it suffered the highest barrier during the
migration process. Furthermore, benefiting from unique host
structure, the migration energy barriers of Na- (315 meV) and K-
ion (192 meV) on g-Mg;N, are even lower than Li-ion (575
meV).*® The energy barriers for Mg-, Ca- and Al-ion migration
are acceptable for a battery application considering their high
capacity and low cost. What's more, both Path-1 and Path-2 can
make a complete metal-ions diffusion network on the g-Mg;N,

RSC Adv., 2019, 9, 27378-27385 | 27383
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surface, indicating that the charge/discharge rate of g-Mg;N, is
satisfactory for NLMIBs applications.

4. Summary and conclusions

In summary, we use density functional theory calculations for
the first time to prove that 2D g-Mg;N, can be applied as an
appropriate anode material for NLMIBs. g-Mgs;N, possesses
high theoretical storage capacity and maintain structural
stability during different metal-ions intercalation process. The
electronic structure of g-Mg;N, becomes metallic by metal-ions
intercalation. The satisfactory metal-ions migration energy
barriers combined with complete 2D diffusion network ensure
good rate performance of g-Mg;N, as anodes. Overall, we
predict theoretically that g-Mgs;N, has many advantages as
a good anode material, such as good structural and electro-
chemical stability, high metal-ions storage capacities, high
electronic conductivity, acceptable sequential intercalated
potentials and metal-ions diffusion energy barriers, thus, it can
be applied as anode material for inexpensive and promising
NLMIBs.
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