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Using first-principles calculations, biaxial tensile (ɛ=2 and 4%)
and compressive (ɛ= � 2 and � 4%) straining of Na2MnSiO4

lattices resulted into radial distance cut offs of 1.65 and 2 Å,
respectively, in the first and second nearest neighbors shell
from the center. The Si� O and Mn� O bonds with prominent
probability density peaks validated structural stability. Wide-
band gap of 2.35 (ɛ=0%) and 2.54 eV (ɛ= � 4%), and narrow
bandgap of 2.24 eV (ɛ= +4%) estimated with stronger

coupling of p–d σ bond than that of the p–d π bond, mainly
contributed from the oxygen p-state and manganese d-state.
Na+-ion diffusivity was found to be enhanced by three orders
of magnitude as the applied biaxial strain changed from
compressive to tensile. According to the findings, the rational
design of biaxial strain would improve the ionic and electronic
conductivity of Na2MnSiO4 cathode materials for advanced
rechargeable sodium-ion batteries.

Introduction

State-of-the-art rechargeable batteries, most commonly, lith-
ium-ion and sodium-ion batteries have brought growing
interest for a vast range of applications. For instance, recharge-
able lithium-ion batteries (LIBs) are widely used from small
appliances (smartphones, laptops, headphones, etc.) to large
systems including sustainable transportations (electric vehicles,
hybrid- and plug-in hybrid vehicles, etc.) and uninterruptible
power supply. However, the abundance of Na metal and its
affordable cost, for large-scale applications compared to LIBs

are paving the way for the development of rechargeable
sodium-ion batteries (SIBs).[1–4]

Recently, SIBs have attracted growing interest and are
becoming among the most contemporary research topics due
to their rocking chair storage mechanism compared to LIBs. For
the development of SIBs, sodium layered transition metal
oxides have been rationally designed and used as electrode
materials. For instance, the combination of Na with other metal
oxides (NaMO2, M=Ni, Mn, Fe) have been observed as cathode
material for promising electrochemical performance.[5–7] In
addition, the symmetric LiNi1/3Mn1/3Co1/3O2 (NMC) compound
was presented [8] as a 4 V cathode material to replace LiCoO2,
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with significantly greater voltage, superior structural stability,
and safety even at extreme temperatures, as well as higher
reversible charge capacity.[8–10] The reversible specific capacity
of NMC was measured to be as low as 160 mAhg� 1 in the cut-
off potential range of 2.5–4.4 V and 200 mAhg� 1 in that of 2.8–
4.6 V.[11]

Because of their superior thermal stability and strong bonds
between transitional metals and ligands, polyanion-based
transition metal oxide electrode materials are found to be more
appealing than those of the layered family. For instance,
composite of sodium and transition metals containing poly-
anion compounds, NaMPO4 (M=Mn, Fe, Co, and Ni), are
excellent electrode materials for hybrid supercapacitors[12,13]

with the capacity in the range of 160–250 Fg� 1. However,
AMPO4 (A=Li, Na; M=Mn, Fe, Co, and Ni) based electrode
materials[12–16] have a unidirectional ionic diffusion, which may
limit the capacitive performance of energy storage devices. As a
result, di-sodium (lithium)-ion transition metal orthosilicates,
A2MSiO4 (A=Li, Na; M=Mn, Fe, Co, and Ni) electrode materials
have emerged as a viable alternative, allowing for two-electron
redox processes with higher capacity of more than
330 mAhg� 1.[17–21] Furthermore, di-sodium-based orthosilicate
compounds are a good candidate for electrode materials due to
their low cost, high thermal stability, and non-toxicity in
addition to the high abundance of silicon, sodium, and
manganese in the earth’s crust.[21–23]

Experimentally, di-sodium based orthosilicate compounds
(Na2MSiO4, M=Mn, Fe, Co, and Ni) can be successfully synthe-
sized for SIBs via different methods such as modified two-step
route,[24] electrochemical Li–Na ion-exchange,[21] sol-gel
method,[25] and the solid-state reaction of Na2CO3, MnCO3, and
SiO2.

[26]

Previous computational studies based on ab initio molecular
dynamics (AIMD), density functional theory with (out) Hubbard-
correction (DFT, DFT+U), and classical molecular dynamics
simulation (CMD) have demonstrated the structural stabilities,
electronic structures, and electrochemical properties of
materials.[27–32] For example, DFT and DFT+U study of di-
sodium orthosilicate compounds indicates that Na2MSiO4

(M=Mn, Fe, Co, Ni) with Pc-symmetry has better structural
stability and faster ionic conductivity than lithium orthosilicate.
This is due to the wider distance between atomic layers and
non-directional bonding between Na and neighboring atoms,
indicating di-sodium orthosilicate electrode materials’ potential
suitability for SIBs. Another DFT calculation also revealed that
the Na+ ion in Na2MnSiO4 migrates quickly through 3D diffusion
channels and has a lower activation barrier than the Li+ ion in
Li2MnSiO4.

[33]

Crystal Structures and Computational Method

The Na2MSiO4 family crystallizes in a monoclinic crystal system
with Pn or Pc symmetry,[27,28,30–34] whereas Li2MSiO4 crystallizes in
an orthorhombic system with Pmn21 symmetry.[34–36] The lattice
parameters for monoclinic Na2MnSiO4 with Pn symmetry

computed by Nalbandyan and coworkers are a=7.02857, b=

5.60957, c=5.33391,=90.0°,=89.7949°, and=90°.[37]

Figure 1 depicts the crystal structure of Na2MnSiO4 based on
the iso-structural Na2ZnSiO4, which was obtained from the
materials project.[38] The crystal structure of Na2MnSiO4 is shown
in the DFT-optimized unit cell (Sch. 1 (a and b) and supercell
(Sch. 1c). According to the Jahn-Teller effect, Mn� O bonding
(MnO4) distortion is greater than Na� O (NaO4) and Si� O (SiO4),
which form corner-sharing tetrahedral units with four oxygen
atoms and have a similar tendency to Li2MnSiO4.

[39–41]

However, in polyanion-type cathode materials based on XO4

(X=P, Si, S, and so on) groups,[42–46] oxygen atoms are linked by
strong covalent bonds, which could limit oxygen evolution.
Polyanion-type cathodes are therefore more thermally stable
than layered transition metal oxides, ensuring greater safety in
large-scale applications. Na2MnSiO4 has superior thermal stabil-
ity due to the strong bond between Si and O in the complex
structure of the SiO4 tetrahedral unit.

The biaxial strain engineering was implemented using
equation e ¼ Da/aowhere e is strain ratio, ao is the equilibrium
lattice, and Δa�a0 is tensile or compressive strain. The
calculations were carried out in the framework of DFT[47,48] using
both the Grid-based projector augmented wave method
(GPAW)[49] and Vienna ab initio Software Package (VASP).[50] The
exchange and correlations functional were examined with
generalized gradient approximations (GGA) by the Perdew–
Burke–Ernzerhof (PBE) functional.[51] The core ions and valence
electrons interactions were treated by the projected- aug-
mented wave (PAW)[52] potential. All the structural relaxations
were performed with a 4×4×3 and 2×2×2 k-point Mon-
khorst–Pack grid, respectively, for a unit cell and supercell as
shown in Figure 1.

To treat the electron correlation of the localized d electronic
states, the simplified approach to the DFT+U theory intro-
duced by Dudarev et al.[53] was applied as implemented in both
GPAW and VASP codes. The electron self-interaction error (SIE)
with GGA (PBE) functional were managed by adjusting the
Hubbard coefficient[54] correction for Mn (3d) in the case of
Na2MnSiO4. In this study, the Hubbard (U) correction values of

Figure 1. DFT-optimized unit cell of Na2MnSiO4 crystal structure (a) the unit
cell with ball and stick model, (b) the unit cell with tetrahedral complexes of
MnO4, SiO4, NaO4, and (c) the supercell constructed from 2×2×2 repetition.
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U=3.9 eV (VASP) and 1.5 eV (GPAW) were used for Mn in
Na2MnSiO4.

The structural stability of Na2MnSiO4 supercell at room
temperature (T=300 K) was validated by performing AIMD
simulations, as previously reported.[55–57] The AIMD simulations
were done using the VASP package for 10 ps with a time step
of 0.5 fs. The energy barrier (Eb) of various sodium diffusion
pathways was calculated using the climbing-image nudged
elastic band (CI-NEB) method[58–60] using GPAW code. Five
intermediate images were adjusted to interpolate the initial and
final states along with the Na+-ion diffusion path. Furthermore,
the following Arrhenius equation was used to calculate the Na+

-ion diffusion rate (r) and Na+-ion diffusion coefficient (D).

D ¼ a2r (1)

r ¼ ne� Eb=kBT (2)

where, a is the minimum jump length of the Na atom from one
site to another by following the possible channel, r is diffusion
rate, Eb is energy barrier, e is the electronic charge, ν=1013 s� 1

is the hopping rate, kB=8.6173326 eVK� 1, is the Boltzmann
constant, and T=300 K is the temperature.

Results and Discussion

In this section, structural analysis, electronic structures, Na+-ion
diffusions in (un)strained Na2MnSiO4 are explained in more
detail.

Structural Analysis

We will use the radial distribution functions (RDFs or g(r)),
partial RDFs (gi� j(r)), bond angle distribution functions (BADFs
or B (r)), partial BADFs (Bi–j ( q)) for O� Si� O and O� Mn� O, bond
length distribution functions (BLDFs or B(r)), and partial BLDFs
(Bi–j (r)) to describe biaxial strained Na2MnSiO4 lattice.

Radial Distribution Functions (RDFs)

Radial distribution functions (RDFs) represent the spatial
organization of ions around a central ion and are often
employed in simulations. They can also be derived indirectly
from X-ray spectra.

Molecules fluctuate near their lattice sites in solids, which
have regular, periodic shapes. Because the structure is ex-
tremely long-range, defects in solids are uncommon. There is
no likelihood of finding a particle between their peaks because
all molecules are packed consistently to occupy the area most
efficiently. Each peak symbolizes a solid‘s coordination shell,
with the closest neighbors in the first shell, the second in the
second, and so on.

RDFs is the probability density of finding an atom at a
randomly chosen point at a distance r from a central atom,

divided by the mean number density. Hence, radial distribution
function (RDF) is defined by g rð Þ ¼ n rð Þ=4pr2D1o, where n rð Þ
fluctuates around but on average approaches 4pr21o at large r,
where 1o is the mean number density.

Moreover, partial radial distribution function (PRDF) is
defined by gi� j rð Þ ¼ nij rð Þ=1i� j4pr2Drij; where nij rð Þ is the
number of j-atoms within a distance [rþ Drij� from an i atom
and 1i� j ¼

ffiffiffiffiffiffiffiffiffi
1i 1j
p , where 1i and 1j are number densities of the

two species. The height of the first peak in gi� j rð Þ represents the
relative probability of finding j-atoms in the first shell of an i-
atom.

The AIMD simulations were performed to confirm the
thermal stability of Na2MnSiO4 crystal structure modified by
biaxial tensile strain at e ¼ 4% (Figure 2a) and compressive
strain at e ¼ � 4 % (Figure 2b). Figure 3 shows the temperature
versus time graph, indicating that the average temperature
fluctuations are 318.45 K and 329.35 K, respectively at T=300 K.
The positional fluctuation of each atom equilibrates within a
few ps, indicating dynamic stability with no structural degrada-
tion.

Figure 4 show the radial distribution functions, g(r), for the
probability density of the first (1.65 Å) and second (2.0 Å) NN
shells from the center. The sharpness of the first and second
peaks reflect the system‘s crystalline structure, whereas the g(r)
profile reveals the most contributing atom to the system.

Figure 5 summarized the average bond length distributions
calculated for Si� O (1.653 Å at ɛ=4 and � 4%) and Mn� O

Figure 2. Biaxial strain of (a) e ¼ � 4% and (b) e ¼ � 4% applied to the
Na2MnSiO4 crystal structure.

Figure 3. Temperature fluctuation about 300 K using AIMD simulation as a
function of (a) e ¼ � 4 % and (b) e ¼ � 4% (b).
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(1.876 Å at ɛ=4% and 1.932 Å at ɛ= � 4%), respectively, for
the first and second NN shell. For Si� O bonding, there is no
structural change, but there is a slight change in the local
environment around Mn� O bonding that does not cause
significant Na2MnSiO4 lattice distortion.

The biaxially strained Na2MnSiO4 lattice maintains structural
stability without major lattice distortions. For example, while
the probability density of Si� O bonding pair atoms with biaxial
tensile strain (red) is slightly lower than that of compressive
strain (blue), both are visible at the first NN (�1.65) from the
center.

This shows that, unlike Mn� O bonding, where the biaxial
tensile (magenta) is somewhat greater than the biaxial
compressive (green) strain at the second NN (2.0 Å), the strong
Si� O bond plays a critical role in maintaining the structural
stability of the system. These graphs show a series of well-
defined peaks matching to successive nearest-neighbor dis-
tances, as would be expected from an ordered solid at room
temperature. However, there is no significant change in peak
position for the Si� O and Mn� O couples. There are no notable

peaks beyond 2.2, which is consistent with experimental
observations.[61–63]

Bond Angle Distribution Function

Local information about local symmetry can be obtained from
bond angle distribution functions. It’s a triplet correlation inside
the cut off distance, which is defined for angles between atoms
surrounding the core atom‘s nearest neighbors. The cut off
distance, which is the initial minimal location of g(r), is used to
generate bond-angle distribution as a function of biaxial strain,
as shown in Figures 5 and 6. Figure 5 shows the total bond
angle distribution as a function biaxial stain, while Figure 6
depicts the angular correlation function for O� Si� O and
O� Mn� O under biaxial tensile and compressive strain. Under
applied biaxial strain, the estimated bond-angle distribution of
Na2MnSiO4 revealed notable peaks at 90° and 109°. Further-
more, Figure 6 shows that for both biaxial tensile and
compressive strain, the notable peaks at 90° are contributed by
the O� Mn� O angle, while those at 109° are contributed by the
O� Si� O angle, in keeping with earlier theoretical and exper-
imental findings.[28,64,65]

Bond Length Distribution Function

As shown in Figure 7, bond length distribution analysis was
utilized to assess the bond strength of the system subjected to
biaxial strain. It shows that the total bond length exhibits
prominent maxima for the first and second NN shells at radial
distances of 1.65 and 2.00 Å, respectively, with the same pattern
as g(r).

Furthermore, the partial bond angle distribution functions
revealed that the Si� O and Mn� O bonding, respectively,
contributed primarily to the total bond angles distribution
functions within the first and second NN shells, with little
variation when biaxial strain was applied (Figure 8). The

Figure 4. Temperature fluctuation about 300 K using an AIMD simulation (a)
at e ¼ � 4 % and (b) e ¼ � 4% (b).

Figure 5. Total bond angle distribution function (g3 qð Þ) at e ¼ � 4% (blue),
e ¼ � 4% (red) using AIMD simulation.

Figure 6. Partial bond angle distribution function (g3 qð Þ) profile as a function
of bond angle at 300 K; e ¼ 4% for O� Mn� O (magenta) and O� Si� O (red),
e ¼ � 4% for O� Mn� O (green) and O� Si� O (blue) using AIMD simulation.
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computed bond angles and bond length in this study accord
well with previous theoretical and experimental work,[28,61–64]

indicating that the crystal structure of Na2MnSiO4 is stable.

Electronic Structures

The charge-discharge kinetics, which is mediated by charge
carriers including electrons, ions, and/or polarons, have signifi-
cant potential to determine the conductivity, and thus, the rate
performance of the battery cell. The conductivity of orthosili-
cate A2MnSiO4 (A=Li, Na) cathode materials that have been so
far investigated via both experiment and computation methods
proved very poor intrinsic ionic and electronic conductivity.[11,13]

The electronic structures of Na2MnSiO4, such as projected
density of states (PDOS) and band structures, were investigated

using DFT and DFT+U methods applied in the GPAW and VASP
codes.

The delocalization problem in the 3d-orbitals of the Mn
atom in Na2MnSiO4 was solved using the DFT+U approach
following the previous studies.[29,30] Despite the fact that
determining the correct U-value is a difficult task, Table 1
displays the computed Eg with several U-values ranging from 1
to 6 eV with 0.5 intervals, with the U-value of 1.5 eV (Eg=

2.35 eV) being fixed for further analysis.[29]

To our knowledge, this is the first calculated bandgap for
Na2MnSiO4 using the GPAW method, and it agrees well with the
bandgap of 2.35 eV estimated by the VASP code (for U=

3.9 eV). Furthermore, it agrees with Bianchini and coworkers,[70]

who predicted the bandgap of Na2MnSiO4 material to be 2.37,
1.23, 3.02, and 2.44 eV for M=Mn, Fe, Co, and Ni, respectively.
Figure 9 presented the electronic projected density of states
(also mentioned in Figure S1, Supporting Information) and their
related band structures analysis, demonstrating electron trans-
fer to each orbital in the constituent elements of Na2MnSiO4

before biaxial strain was applied. To the best of our knowledge,
this is the first Eg value calculated for Na2MnSiO4 using the
GPAW code which is in good agreement with the bandgap
calculated using the VASP code of 2.35 eV (at U=3.9 eV).

Moreover, it also matches well with the work of Bianchini
and coworkers[70] who calculated the bandgap of Na2MSiO4

material to be 2.37, 1.23, 3.02, and 2.44 eV, respectively, for
M=Mn, Fe, Co, and Ni. DFT calculations revealed the electronic
projected density of states (Figure 10 and Figure S1, Supporting
Information), while the band structures analysis (Figure 11),
confirming electron transfer to each orbital in the constituent
elements of Na2MnSiO4 material before applying biaxial strain.

Figure 7. Total bond-length distribution function (gi–j(r)) profile a function of
bond-length at e ¼ � 4% (blue), e ¼ � 4 % (red) using AIMD simulation at
300 K.

Figure 8. Partial bond-length distribution function (gi–j(r)) profile as a
function of bond length at e ¼ 4 % for Mn� O (magenta) and Si� O (red),
e ¼ � 4% for Mn� O (green), and Si� O (blue).

Table 1. Calculated Eg values as a function of Hubbard (U) correction (eV)
for unstrained Na2MnSiO4.

U[eV] 0 1.5 2.5 3.5 4.5 5.5

Eg[eV] 1.84 2.35 2.64 2.88 3.09 3.25

Figure 9. Calculated projected density of state (PDOS) using the PBE
functional.
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Furthermore, around the Fermi level from the valence band
region, the spectrum of the Mn (d) orbital calculated using the
PBE functional was shown to be more dominating than that of
the O (p) orbital.

The PBE+U results (Figures 10 and 12), on the other hand,
revealed that the spectrum of the O(p) orbital becomes more
prominent. This finding showed a similar tendency in our prior
research for Li2MnSiO4 material.[29] When comparing the PBE-
based predicted bandgap of 1.84 eV (Figures 9 and 11) to the
PBE+U-determined bandgap of 2.35 eV (Figures 10 and 12).
The estimated value of the bandgap of bulk Na2SiO4 from the
ordinary PBE-based PDOS and the corresponding band struc-
ture was lower by about half eV relative to the PBE+U results.

The partial charge density for the valence band maximum
(VBM) and conduction band minimum (CBM) were presented in
Figures13a and b, suggesting that the orbital orientation
aligned in the p–d coupling or hybridization is in good
agreement with the PDOS exhibited in Figures 9 and 10.

According to DFT+U (at U=1.5 eV) calculations, the total
magnetic moments of Na2MnSiO4 estimated to be 4 (at ɛ=0%),

4.1 (at ɛ= � 4%), and 3.9 (ɛ= +4). The average magnetic
moments for the Mn ion before and after biaxial strain were
found to be 4.51 (at ɛ= +4%), 4.50 (at ɛ= +2%), 4.49 (ɛ=

0%), 4.47 (at ɛ= � 2%), and 4.46 (at ɛ= � 4%), respectively. The
comprehensive study of the magnetism, electronic, and atomic
structure can help to better understanding the fundamentals of
metal-ion battery materials.[71,72]

Figure 14 summarizes the effect of biaxial straining on the
bandgap (Eg) and activation energy barrier (Eb) of Na2MnSiO4

computed using the PBE (Eg1) and PBE+U (Eg2) functionals. The
figure furthermore details how biaxial strain (tensile and
compression) affects the electronic and ionic conductivities of
Na2MnSiO4. It could be deduced that biaxial tensile straining (at
ɛ=4% and 2%) resulted in a smaller bandgap and lower
energy barrier than biaxial compressive straining (at ɛ= � 4%
and � 2%). It should be noted that the biaxial tensile strain-
tuned Na2MnSiO4 is semiconductor-like and has improved Na+

-ion conductivity.
Moreover, the energy minimization, volume, energy barriers,

and the total density of states as a function of biaxial strain (� 4,
� 2, 0, 2, and 4%) were summarized in Figures S2–S5 (Support-
ing Information). We presented a tight-binding model of the s,
px , pz; and d orbitals to comprehend this mechanism, i. e., the

Figure 10. Calculated projected density of state (PDOS) using PBE+U
(U=1.5 eV) functional.

Figure 11. Calculated band structure using the PBE functional.

Figure 12. Calculated band structure using PBE+U (U=1.5 eV) functional.

Figure 13. Partial charge density (a) VBM and (b) CBM clculated by PBE
functional.
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logic behind the band increase and/or decrease. To this, the
effective Hamiltonian is considered as Equation (3):

HTB ¼
X

i;a

ea
i c

aþ
i c

a
i þ

X

hi;ji;a;b

tab

ij ðc
aþ
i c

b

j þ h:c:Þ: (3)

Here ea

i , c
aþ

i and ca

i represent the on-site energy, creation,
and annihilation operators of an electron at the α-orbital of the
ith atom. The parameter tab

ij is the nearest-neighbor hopping
energy of an electron between the α-orbital of the ith atom and
the β-orbital of the jth atom, a;b 2 ðpx; py; pz; dÞ, which can be
calculated from the on-site energies of s, p, and d orbitals by
setting the values of esNa ¼ � 5:13 eV, esSi ¼ � 13:55 eV;
e
p
Si ¼ � 6:52 eV; e

p
O ¼ � 14:13 eV, esO ¼ � 29:14 eV; and

edMn ¼ � 15:27 eV .[73] The optimal values of tensile strain at 4%
for nearest-neighbor are Vsss ¼ � 2:49 eV, Vsps ¼ 3:27 eV;
Vpps ¼ 5:76 eV, Vppp ¼ � 1:44 eV, Vsds ¼ � 6:42 eV,
Vpdp ¼ 2:76 eV, Vpds ¼ � 5:98 eV, and Vsds ¼ 2:76 eV, respec-
tively. For the compression strain, the optimal values at � 4%
are calculated to Vsss ¼ � 1:40 eV; Vsps ¼ 4:09 eV;
Vpps ¼ 7:21 eV; Vppp ¼ � 1:80 eV; Vsds ¼ � 9:49 eV,
Vpds ¼ � 8:86 eV, and Vpdp ¼ 4:96 eV.

Using Equation (3), we specifically analyzed the nearest-
neighbor (Mn� O) on-site energy at ɛ= +4 and at ɛ= � 4%.

When a biaxial tensile strain was applied to Na2MnSiO4, the
lattice parameter expanded and the bond between atoms
stretched, and the bandgap was lowered with increasing on-
site energy. Biaxial compressive straining, on the other hand,
resulting in a greater bandgap and decreased on-site energy
(Figure 12 and Figures S3–S5, Supporting Information).

Na+-Ion Diffusion in the Unstrained Na2MnSiO4 Structure

One of the important characteristics that determines the
charge-discharge rate capabilities, and hence the electrochem-
ical performance of rechargeable batteries, is conductivity
(ionic, electronic, and/or polaronic). As in prior

investigations,[29,32,74] these parameters might be evaluated by
manipulating Equations. (1) and (2). The conductivity of the
primary components of battery cells, such as electrodes (anode
and cathode) and electrolytes, is used to choose them for use in
battery applications. Before applying biaxial tensile strain (BTS),
the Na+-ion conductivity in an unstrained monoclinic Pn
Na2MnSiO4 crystal structure was investigated using the selected
Na+-ion pathways and dimensionalities.

Figures 15 and 16 depict, respectively, the Na+-ion diffusion
paths and the calculated activation energy barrier, that were
used to calculate energy barriers (Eb), diffusion rates (r), and
diffusion coefficients (D). In the ZX-plane from E to A (EA), the
X-axis from A to B (AB), the ZY-plane from A to C (AC), and the
Y-axis from C to D (CD) were selected. Fast Na+-ion diffusion
was observed along the Y(CD) channel with a diffusion
coefficient of 3.5×10� 5 cm2s� 1 and a diffusion rate of 3.14×
1010 s� 1, due to the lowest energy barrier of 0.15 eV. The rising
energy barrier for Na+-ion diffusion is in the following order:
ZX(EA)>X(AB)>ZY(AC)>Y(CD), resulting into the slowest Na+

-ion diffusion along the ZX(EA) channel.
Table S1 (Supporting Information) also summarizes the

diffusion coefficients, diffusion rates, and activation energy
barriers before and after applying biaxial strain. The calculated

Figure 14. Calculated bandgap as a function of biaxial strain.

Figure 15. The crystal structure of Na2MnSiO4 with a 2×2×2 supercell. The
pink, gray, cyan, and red, respectively, represent Na, Mn, Si, and O atoms.

Figure 16. Energy barriers calculated by CI-NEB method for four Na+-ion
diffusion pathways in unstrained Na2MnSiO4 bulk structure.
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energy barriers (Eb) confirm the possibility of Na+-ion con-
duction in the selected channels in agreement with previous
DFT calculations results.[18,28,33]

This work also reveals better Na+-ion diffusivity in Na-based
orthosilicate than Li+-ion conduction in Li-based orthosilicate
compounds.[29,33] For instance, it was indicated that the ionic
conduction of orthosilicate compounds is related to their
constituent elements and crystal systems: Na2MnSiO4>NaLiMn-
SiO4>Li2MnSiO4. The related channels get extended for higher
Na+-ion migration with less energy cost than Li-based systems
as the volume of the Na-based compounds of the same system
expands due to the atomic radius of Na metal.

Na+-Ion Diffusion in the Biaxially Strained Na2MnSiO4
Structure

Superior sodium-ion diffusivity is of vital importance to
enhancing the conductivity and thus realizing a higher rate
performance of the battery. The biaxial strain was applied to
the ZX-plane along the EA path (ZX(EA)) to study the Na-ion
diffusion from A to E. The calculated energy barrier (Eb)
decreases from 0.54 to 0.36 eV as biaxial strain was applied
from ɛ= � 4% (BCS, ɛ<0) to ɛ=4% (BTS, ɛ>0). The biaxial
tensile strain (BTS) at e ¼ 4% and e ¼ 2%, as well as the biaxial
compressive strain (BCS) at e ¼ � 4 % and e ¼ � 2%, were
applied to the bulk Na2MnSiO4 crystal structure with greater
energy barrier (Eb=0.49 eV) calculated along ZX (EA). In
biaxially tensile-strained Na2MnSiO4, the diffusion of Na+-ions is
faster than for the biaxial compressive version, as shown in
Figure 17 and Table S2 (Supporting Information). The calculated
energy barriers as a function of biaxial strain along the ZX(EA)
path have been estimated to 0.44 and 0.36 eV in BTS at ɛ= +

4% and at ɛ= +2%, respectively. The corresponding faster
rates and diffusion coefficients were estimated to 3.62×105 s� 1

(ɛ= +2%), 8.16×106 s� 1 (ɛ= +4%), 3.82×10� 10 cm2s� 1 (ɛ=

+2%) and 8.6×10� 9 cm2s� 1 (ɛ= +4%), respectively. Results
revealed the improvement of Na+-ion diffusion rate and
diffusion coefficient by two orders of magnitude compared to

unstrained Pc Na2MnSiO4 (at ɛ=0). Therefore, it would make
sense to have a look at the Na� O bond length for the initial
configuration by removing the Na atom at E (Figure 15) and
also for the final configuration by moving the Na atom from A
and replacing it at E.

The Na� O (NaO4) bond lengths without straining (ɛ=0%)
and after biaxial straining (ɛ= � 4, � 2, 2, and 4%) of initial and
final configurations are summarized in Table S3 (Supporting
Information). The average bond length Na� O is larger (2.538 Å)
in the initial configuration than that of the final configuration
(2.436 Å) without straining (ɛ=0%). This implies that the initial
energy required to diffuse Na+-ion is less than that of final
energy, resulting in different initial and final energies. The
considered paths follow the stability order from higher to lower:
Y(CD)>ZY(AC)>X(AB)>ZX(EA), resulting also in different initial
and final energy states.

When biaxial straining was applied from ɛ= � 4 to +4%,
the average bond length Na� O is monotonically increasing with
respect to the applied biaxial strain from ɛ= � 4 to 2% with
bonding strength of 2.450 Å (ɛ= � 4%)>2.530 Å (ɛ= � 2%)>
2.660 Å (ɛ=2%)>2.74 Å (ɛ=4%) for the initial configuration
and also 2.360 Å (ɛ= � 4%)>2.371 Å (ɛ= � 2%)>2.499 Å (ɛ=

2%) for the final configuration. In contrast, when biaxial tensile
strain (ɛ=4%) was applied to the final configuration, the
average bond length Na� O decreased to 2.481 Å. Due to the
ability of biaxial tensile straining to increase the average bond
length Na� O, establishing stronger bonds with Mn (MnO4) and
Si (SiO4) tetrahedral complexes would be easier and would
need less energy. The bond length of Mn� O was found to vary
whereas Si� O bonding regardless of the applied biaxial strain
remain constant. For instance, the average Mn� O bond length
increases with biaxial straining of ɛ= � 2% (2.431 Å) and ɛ=2%
(2.389 Å), but decreases with that of ɛ= � 4% (2.346 Å) and ɛ=

4% (2.614 Å).
In principle, compressing and elongating the average bond

length Mn� O keeps the system symmetric by reducing the
degeneracy caused by the Jahn-Teller distortion.[75] This Jahn-
Teller distortion only affects local environments where Mn is
surrounded by four O (MnO4 tetrahedral environment) or six O
(MnO6 octahedral environment) atoms as summarized in
Table S1 (Supporting Information). The bonding readjustment
with reasonable range, with no significant impact on the lattice,
would facilitate the Na+-ion (de)intercalation from and/into
Na2MnSiO4 cathode during charging and/or discharging process
in rechargeable Na-ion batteries. When it comes to the Si� O
bond in SiO4 as a function of biaxial straining, the average bond
formation tendency increases monotonically from ɛ= � 4% to
4%, following the bond strength order: 1.644 Å (ɛ= � 4%)>
1.652 Å (ɛ= � 2%)>1.664 Å (ɛ=2%)>1.670 Å (ɛ=4%) for the
initial configurations, and also 1.587 Å (ɛ= � 4%)>1.651 Å (ɛ=

� 2%)>1.663 Å (ɛ=2%)>1.668 Å (ɛ=4%) for the final config-
urations.

The final configuration has a significantly longer average
bond length than that of the initial configuration, resulting in a
relatively minor structural deformation that could raise up the
energy of the final configuration. Therefore, it should be clear
that applying biaxial tensile strain (BTS) is an effective method

Figure 17. Energy barriers calculated by CI-NEB method for four Na+-ion
diffusion pathways as a function of biaxial lattice strain from e ¼ � 4 to 4 %.
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to enhancing both the electronic transport and the rate
performance of Na2MnSiO4 material as a promising cathode
electrode for rechargeable Na+-ion batteries (SIBs).

Previous DFT results have also demonstrated the same
trend in the case of Li+-ion migration energy barrier under
applied BTS on orthosilicate (A2MnSiO4, A=Li, Na)[33,76] and for
olivine systems (AFePO4, A=Li, Na)[77] for ionic migration. The
DFT analysis revealed higher Na+-ion diffusion rates and
diffusion coefficients as a function of applied BTS in the
orthosilicate family, as a promising strategy for alkali-ion
diffusion in cathode materials for optimized electrochemical
rate performance in rechargeable batteries. In this regard, we
expect that the biaxially tensile-strained Na2MnSiO4 crystal
structure could be observed experimentally.

Conclusion

DFT+U combined with AIMD and tight-binding model (TBM)
analysis was used to investigate the structural stability,
electronic and Na+-ion conductivity in Na2MnSiO4 before and
after applying biaxial strain. Results revealed that the structural
stability evolved with applied compressive/tensile strain of ɛ=

� 4% to ɛ= +4%. Analysis from the electronic projected
density of states revealed strong orbitals coupling between O
(2p) and Mn (3d), which are thus expected to be the main cause
for electron transfer in Na2MnSiO4 material. The calculated band
structure also proved that the electronic bandgap is slightly
wider for applied biaxial compressive strain (Eg=2.64 eV, at ɛ=

� 4%) than for biaxial tensile strain (Eg=2.2 eV, at ɛ= +4%).
These results infer that the electronic density of states and
band structures of Na2MnSiO4 are sensitive to biaxial strain.
Moreover, Na+-ion diffusivity decreases with biaxial compres-
sive strain (D=7.77×10� 12 cm2s� 1 at e ¼ � 4% ) while it
increases with a biaxial tensile strain (D=8.60×10� 9 cm2s� 1 at
e ¼ þ4 %). This study revealed that the rational biaxial tensile
strain design in the Na2MnSiO4 material remarkably lifts the
electronic conductivity due to the induced narrow electronic
bandgap. Furthermore, enhanced Na+-ion diffusion channels
were observed with the biaxial lattice tensile straining of
Na2MnSiO4. In turn, it increases its volume, opening more vacant
spaces in the system, and enabling a higher rate of Na+-ion
migration. Consequently, the results suggest that the appro-
priate biaxial tensile lattice strain engineering paves the way for
a promising approach to design efficient electrode materials for
sodium-based energy storage rechargeable battery devices.
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