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Sodium-ion batteries have attracted significant recent attention currently considering the limited available lithium re-
source. However, the energy density of sodium-ion batteries is still insufficient compared to lithium-ion batteries, mainly
because of the unavailability of high-energy cathode materials. In this work, a novel sodium-rich layered oxide mate-
rial (Na2MnO3) is reported with a dynamical stability similar to that of the Li2MnO3 structure and a high capacity of
269.69 mA·h·g1, based on first-principles calculations. Sodium ion de-intercalation and anionic reaction processes are
systematically investigated, in association with sodium ions migration phenomenon and structure stability during cycling
of NaxMnO3 (1 ≤ x ≤ 2). In addition, the charge compensation during the initial charging process is mainly contributed
by oxygen, where the small differences of the energy barriers of the paths 2c→4h, 4h→2c, 4h→4h, 2c→2b, and 4h→2b
indicate the reversible sodium ion occupancy in transitional metal and sodium layers. Moreover, the slow decrease of the
elastic constants is a clear indication of the high cycle stability. These results provide a framework to exploit the potential of
sodium-rich layered oxide, which may facilitate the development of high-performance electrode materials for sodium-ion
batteries.

Keywords: sodium-rich layered oxides, first-principles calculations, sodium-ion diffusion
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1. Introduction
The rapid development of intelligent and portable elec-

tronic devices has been facilitated by a series of significant
breakthroughs in electrode material research in recent years.
Due in part to their high-energy density, high capacity and fa-
vorable cycle life, lithium-ion batteries (LIBs) have been ap-
plied to a wide variety of electronic devices.[1–8] However,
the limited and unbalanced distribution of lithium resources
along with an increasing industry demand, could result in a
lithium shortage crisis in the near future.[9,10] In an attempt to
identify novel alternative materials, room temperature sodium-
ion batteries (NIBs) are considered as promising candidates
for the next generation of ion batteries and has attracted no-
table attention due to the abundance of sodium resources, low
cost and similar chemical intercalation mechanism compared
to LIBs.[11–16]

Currently, the fundamental requirement of elec-
trode materials for NIBs is to address to prob-
lem of their limited energy density, which primar-
ily depends on positive active materials.[17] Previ-
ously, various compounds, including NaxCoO2,[18,19]

NaxMnO2,[20,21] NaCrO2,[22] NaxFe0.5Mn0.5O2,[23,24]

NaNi0.5Mn0.5O2,[25] NaNi0.5Ti0.5O2,[26] Na3MPO4CO3,[27]

NaNi1/3Mn1/3Fe1/3O2,[28] Na0.9Cu0.25Fe0.25Mn0.25Ti0.25O2,

[29] and Na3 V2(PO4)3/rGO,[30] have been investigated as
cathode material for NIBs. However, all of these materials
have relatively low energy densities and, therefore, it would
be difficult for them to achieve broad market penetration. Con-
sequently, there is an existing urgent need to identify a high
capacity cathode material for NIBs.

In the development of high capacity NIBs, some existing
LIBs cathode materials have important characteristics that are
useful for novel material designs. Recently, Li-rich layered
oxide (LLO) cathodes have attracted the attention of many re-
searchers due to their high-energy density, where the excess
energy is determined by the “Li2MnO3” structural compo-
nent and the anionic reaction contribution.[31–35] Therefore,
it is natural to consider whether sodium-rich layered oxides
(SLOs) cathode materials with a higher capacity than conven-
tional NIBs cathode materials exist. In the family of LLOs,
a layered Li2MnO3LiTMO2 (T M = transitional metals) com-
posite has demonstrated exceptional performance with a high
capacity of up to 400 mA·h·g1.[36–38] In these materials, the
Li2MnO3 structure component plays an important role in re-
versible capacity.[39] Thus, it can be deduced that there ex-
ists a SLOs cathode material, Na2MnO3, that presents similar
sodium storage properties such as lithium in Li2MnO3. More-
over, many researchers have determined that anions such as
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oxygen ions in LLOs are oxidized during Li de-intercalation
and that this process resulted in a deterioration of the cycle
stability.[33,34,40] For Na2MnO3, we also intend to evaluate
the structural stability and the intrinsic sodium storage mech-
anism, which is of significance for the development of SLO
cathodes. Recently, Ouyang et al. investigated the electronic
structures and the migration of Na in Na2MnO3.[41] However,
the stability, capacity, and cycle performance of Na2MnO3 has
not been explored. In addition, the mechanism of Na ions in
de-intercalation and the corresponding charge compensation
are still not clear.

In this work, systematic investigations of the layered
Na2MnO3 material were performed using a theoretical sim-
ulation scheme based on first-principle calculations. It
is determined that the Na2MnO3 has a high capacity of
269.69 mA·h·g−1 with a similar crystalline structure to
Li2MnO3. Moreover, the structure and stability of Na2MnO3

in addition to the anionic reaction process and the diffusion
of Na+ in Na2MnO3 along different paths are examined and
discussed in detail. The elastic constants of NaxMnO3 (1 ≤
x ≤ 2) are also investigated. These results demonstrate that
Na2MnO3 is a potential sodium-rich layered oxide material.
Our theoretical studies improve the possibility of identifying
high capacity NIBs cathode materials, and will likely guide
future experimental research work.

2. Computational methods
All of the calculations were performed based on den-

sity functional theory (DFT) as implemented in the Vienna
ab initio simulation package (VASP).[42] The Perdew–Burke–
Ernzerhof approach of spin-polarized generalized gradient ap-
proximation (GGAPBE) was used to describe the exchange–
correlation energy.[43] Gpoint sampling was used for the in-
tegration of the Brillouin zone. The Na(3s), Mn(3d, 4s), and
O(2s, 2p) orbitals are treated as valence states. The strong
correlation effect of transition metals was addressed using
an onsite Hubbard parameter correction for the density func-
tional theory (UMn = 3.9 eV).[44] An energy cutoff of 520 eV
was applied in all calculations for the plane-wave expansion
of the electronic eigenfunctions. To minimize the effect of
periodic boundaries, two supercells with 2× 1× 1 (contain-
ing 16 sodium atoms, 8 manganese atoms, and 24 oxygen
atoms) and 2× 1× 2 (contains 32 sodium atoms, 16 man-
ganese atoms, and 48 oxygen atoms) were used to investigate
Na+ de-intercalation and Na+ migration, respectively. Both
the ions and cells are fully relaxed in all of the calculations
with the energy and force convergence criterion of 105 eV and
0.01 eV/Å, respectively. The phonon spectrums were calcu-
lated using PHONONPY code.[45] To understand the kinet-
ics of the mechanism of Na+ migration, an activation en-
ergy barrier was explored using the climbing image nudged

elastic band (CINEB) method.[46] In addition, the change of
charge distribution was analyzed for the process of Na+ de-
intercalation from the Na2MnO3 system by employing a grid-
based Bader analysis algorithm.[47]

To investigate the crystalline stability of Na2MnO3, the
cohesive energy was also calculated, which is defined as[48]

Ec =
ENa2MnO3 −2ENa−EMn−3EO

n
, (1)

where n is the total number of atoms in the Na2MnO3 sys-
tem. ENa2MnO3 , ENa, EMn, and EO are the total energies of the
Na2MnO3, isolated Na atom, Mn atom, and O atom, respec-
tively. The theoretical capacity is given by

C =
1000yNAe

3600MNa2MnO3

, (2)

where y is the number of Na+ de-intercalation (Na2yMnO3);
NA is the Avogadro constant; e is the elementary charge;
MNa2MnO3 is the molar mass of Na2MnO3. The voltage, V ,
can be determined by[49]

V =
ENax1 MnO3 −ENax2 MnO3 − (x1− x2)ENa

x1− x2
, (3)

where x1 and x2 represent two variable Na concentrations in
the range from 2 to 0; ENax1 MnO3 , ENax2 MnO3 , and ENa are the
total energy of Nax1MnO3, Nax2MnO3, and metal Na, respec-
tively.

3. Results and discussion
3.1. Stability of Na2MnO3

The structure of Na2MnO3 was directly constructed by
replacing the Li atoms with Na atoms in the Li2MnO3

structure. Then, a full geometry optimization for the
structure of Na2MnO3 was performed. The results indi-
cate that Na2MnO3 has a similar arrangement of atoms
in Li2MnO3, where both the Na+ and Mn4+ ions reside
in the octahedral sites of a cubic close-packed, O3 oxy-
gen lattice. As shown in Fig. 1(a), the manganese lay-
ers and the Na layers stack into the C2/m structure and
the Na2MnO3 can be described as {(Na1/2)2c(Na)4h}Na−layer

{(Na1/2)2b(Mn)4g}TM−layer (O)4i(O2)8j. Similar to Li+ in
Li2MnO3, Na+ has three occupied sites in Na2MnO3, with
the 4h and 2c sites in the Na layer and the 2b site in the Mn
layer. In this case, the calculated lattice parameters and band
gaps of Li2MnO3 (in Okamoto’s work),[50] Li2MnO3 (in this
work), and Na2MnO3 (in this work) are shown in Table 1.
The calculated results for Li2MnO3 are very close to those
in Ref. [50], indicating that the calculations in this work are
reliable and comparable to the previous results. The results
indicate that the lattice parameters of Na2MnO3 are slightly
larger than those of Li2MnO3, which is reasonable given that
the larger Na atom radius occupies more space in the cell. A
superior electrical conductivity of Na2MnO3 can be expected
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as a result of smaller band gap of Na2MnO3 compared to that
of Li2MnO3.

Table 1. Calculated lattice parameters and band gaps (Eg) of Li2MnO3
(in Ref. [50]), Li2MnO3 (in this work), and Na2MnO3 (in this work).

Space group a/Å b/Å c/Å Eg/eV
Li2MnO3

[50] C2/m 4.98 8.63 5.00 1.90
Li2MnO3 C2/m 4.99 8.63 5.07 1.87
Na2MnO3 C2/m 5.26 9.12 5.63 1.55

The crystalline stability of a proposed material is of vi-
tal importance in the evaluation of its difficulty of experi-
mental synthesis and potential application prospects. The co-
hesive energy of Na2MnO3 is calculated as 5.23 eV/atom.
Such a large cohesive energy indicates that Na2MnO3 is en-
ergetically stable. In addition, the thermodynamic stability of

Na2MnO3 is investigated using ab-initio molecular dynamic
(AIMD) simulations that adopt NVT canonical ensembles (at
a temperature of 800 K). The time step is set to be 1 fs and
the total simulation time is more than 10 ps to ensure that the
stability conclusions are reliable. The calculated results indi-
cate that the structure of Na2MnO3 still maintains the initial
state long after AIMD processing, as presented in Fig. 1(b).
These results indicate that Na2MnO3 is also thermally stable
at high temperatures. In order to further evaluate the stability
of Na2MnO3, phonon spectrum calculations were performed.
Based on the results shown in Fig. 1(c), Na2MnO3 is con-
firmed as a dynamically stable structure without any imagi-
nary frequencies. When combined, these results confirm the
crystalline stability of Na2MnO3.

4h

4h

4h

2c

4h 2b4g2c 2c

2c 2c

4h

4g 4g

4g4g

2b 2b4h

4g

2b 2b2b

2c 2c2c4h 4h4h 4h

4g 4g 4g 4g

2b

Na 2b

Na 2c

Na 4h

Mn 4g

.
c

a

b

(a) (b)

(c)

.a

c

b

↩

0

2

4

ΓΓ M Q Z

F
re
q
u
e
n
c
y
/
T
H
z

Fig. 1. (color online) (a) Top (upper left) and side (lower left) view of Na2MnO3 structure. (b) The structure of Na2MnO3 after AIMD
simulation. (c) Phonon spectrum of Na2MnO3.

3.2. The process of Na+ de-intercalation from Na2MnO3

It is necessary to specify the process of Na+ de-
intercalation in the simulation of electrochemical perfor-
mance, which is the bottleneck step in the analysis of the
mechanism of an electrochemical reaction. In the charging
process, Na+ is continuously extracted from Na2MnO3. The
ground states of four structures with different concentrations
of sodium—i.e., Na1.75MnO3, Na1.5MnO3, Na1.25MnO3, and
Na1MnO3—were considered. There are 10, 10, 9, and 9 possi-
ble configurations for Na1.75MnO3, Na1.5MnO3, Na1.25MnO3,
and Na1MnO3, respectively, and these structures and their cor-
responding total energies are shown in Fig. S1–S4. In this
case, the four ground-state configurations are selected and de-
picted in Fig. 2. Initially, Na+ was extracted from Na2MnO3

and subsequently, half of the ions was lost at the 2c site to be-
come Na1.75MnO3, which is represented as the ground state
of this compound in Fig. 2. In the case of Na1.5MnO3, all the

Na+ at the 2c site was extracted, and the Na+ at the 4h site and
the 2b site remained. Next, from Na1.5MnO3 to Na1.25MnO3,
Na+ at the 2b site in the Mn layer were extracted and half of
them will be removed. Subsequently, all the Na+ at the 2b site
were continually extracted to the NaMnO3.

When the Na+ concentration of NaxMnO3 was equal to
that of the Na1MnO3 (x = 1.0), Na+ only remained at the 4h
site. Throughout the entire charging process from Na2MnO3

to NaMnO3, the framework of the layered structure was well
maintained except for small changes in the lattice parame-
ters (as shown in Table 2) and the Na/Mn ordering disrup-
tion of the Mn layer. Next, we also considered the further
extraction of Na+ (4h site). The calculated results indicate
that half of the Na+ at the 4h site can be extracted and the
crystal framework maintains its stability to reach the low Na
concentration structure of Na0.5MnO3, for which the ground
state configuration is shown in Fig. S5. From Na2MnO3 to
Na0.5MnO3, the Na+ de-intercalation capacity can achieve a
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value of 269.69 mA·h·g−1 which represents a significantly
high capacity, calculated using Eq. (2). The cycle voltage be-
tween Na2MnO3 and Na0.5MnO3 was also calculated, which
is in the range of 3.42–4.30 V as obtained from Eq. (3). It
should be noted that all of the configurations of Na0.75MnO3,
represented as intermediate structures between Na1MnO3 to
Na0.5MnO3, will deform. Moreover, the stacking sequence of
the layered structure will be transferred from O3 to O1 when

the concentration is lower than that of Na0.5MnO3. This phe-

nomenon is also observed in the Li de-intercalation process of

Li2MnO3.[51] Considering the potential structural instability

of low Na+ concentrations (x < 1.0), we only investigate the

NaxMnO3 (1≤ x≤ 2) structures, in which excellent reversible

intercalation/de-intercalation of Na+ can be expected without

phase transition.

Na1.75MnO3 Na1.5MnO3 Na1. 25MnO3 NaMnO3

Fig. 2. (color online) Ground-state configuration of Na1.75MnO3, Na1.5MnO3, Na1.25MnO3, and NaMnO3.

Table 2. Lattice parameters of NaxMnO3 supercell and the average charge transfer of sodium, manganese, and oxygen, respectively.

Value x in NaxMnO3 Distribution of Na+
Lattice parameter/Å Average badercharge/e

a b c Na Mn O
2.00 {2c}1/2{4h}1{2b}1/2 10.52 9.12 5.63 +0.78 +1.74 –1.10
1.75 {2c}1/4{4h}1{2b}1/2 10.32 9.13 5.70 +0.79 +1.74 –1.04
1.50 {2c}0{4h}1{2b}1/2 10.18 9.10 5.70 +0.79 +1.74 –0.98
1.25 {2c}0{4h}1{2b}1/4 10.01 9.01 5.64 +0.80 +1.76 –0.92
1.00 {2c}0{4h}1{2b}0 9.80 8.92 5.59 +0.80 +1.78 –0.86

3.3. Charge compensation of Na+ de-intercalation in
NaxMnO3

Next, the charge compensation mechanism of NaxMnO3

(1 ≤ x ≤ 2) was investigated during the charging process via
Bader atomic charge analysis. The calculated results are listed
in Table 2 and the values of the transferred charge are obtained
by subtracting the values of the valence electrons from the cal-
culated charge. The charge of Na+ for x = 2.0 to 1.0 exhibited
a negligible difference of +0.78e to +0.80e, and the charge
of Mn also exhibited a small difference of +1.74e to +1.78e.
These results suggest that the Mn atoms are not oxidized in
the process of Na+ de-intercalation. However, the charge of
the O atoms change from −1.10e to −0.86e with a change in
x from 2.0 to 1.0. This indicates that charge compensation for
Na+ removal is mainly contributed by the oxidation of O. A
similar charge compensation mechanism is also found in the
Li de-intercalation process in Li2MnO3.[39] In addition, the
charge of the O atom surrounding the Na2MnO3 has a small
fluctuation in the range of −1.09e ∼−1.11e, which indicates
that the MnO6 octahedron is faultless in Na2MnO3. However,
in Na1.75MnO3 the charge of the O atom has a larger range of
−1.00e ∼−1.10e depending on its neighboring environment.
Near the vacancy, the charge of the O atom is approximate
−1.00e, which is the largest charge value compared with other

O atoms. These results indicate that the O atom near the va-
cancy is responsible for charge compensation during charging
in Na1.75MnO3. Similar situations of unbalanced charge dis-
tributions are also found in other configurations of NaxMnO3

(x = 1.5, 1.25, and 1.0).
To further evaluate the phenomenon of charge compen-

sation, the partial densities of states (PDOS) for NaxMnO3

(x = 2.0, 1.75, 1.5, 1.25, and 1.0) were calculated. Figure 3
shows that the densities of states near the Fermi level are
mainly attributable to the 2p orbits of the O atom and par-
tially to the 3d orbits of Mn. With the removal of Na+, an
increasing number of holes in the 2p states of O are formed,
therefore, the Fermi level moves in the low energy direction as
depicted in Figs. 3(a)–3(e). Meanwhile, it should be noted that
the charge compensation of the 2p orbit of O is much larger
than that of the 3d orbit of Mn, due to the larger density of
states contributions of the O atoms near the Fermi level. In this
case, the charge compensations mainly occur in the O atoms
near the vacated Na during the Na+ de-intercalation process,
which is consistent with the previous results from the Bader
atomic charge analysis. This charge compensation mechanism
is very similar to that presented in a previous investigation on
Li2MnO3.[39]
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Fig. 3. (color online) Densities of states of (a) Na2MnO3, (b) Na1.75MnO3, (c) Na1.5MnO3, (d) Na1.25MnO3, and (e) Na1MnO3,
respectively. The black, blue, and red lines represent the total densities of states of NaxMnO3, partial density of states of Mn-d, and
partial density of state of O-p, respectively. The dashed line in the middle represents the Fermi level.

3.4. Diffusion of Na+ in Na2MnO3

Since the mobility of Na-ions is closely related to the rate
capability of batteries, we also performed an energy barrier
analysis for the process of Na+ mobility in Na2MnO3. There
are two main cases of Na+ migration in Na2MnO3: (i) Na+

migration within the Na layer, and (ii) Na+ migration between
Mn layer and Na layer.

In the case of Na+ diffusion within the Na layer, the 4h
and 2c are the two main sites. Figure 4(a) shows that within
this layer, Na+ migration involves four paths, including two
paths for 4h–4h (path I and path II) and two paths for 2c–4h
(path III and path IV). As a Na+ ion diffuses from the 4h to an
adjacent 4h site, it can migrate through the octahedral of the O
atom along path I with an energy barrier of 0.85 eV, or across
the bottom of the 2b site along path II with an energy barrier
of 0.89 eV. In addition, as one Na+ diffuses between the 2c
and the adjacent 4h site, it migrates through the octahedral of
the O atom along path IV with an energy barrier of 0.99 eV, or
across the bottom of the Mn-4g site along path III with an en-
ergy barrier of 0.82 eV. The reverse migration processes have
almost equal energy barriers due to the similar formation en-
ergies of Na2MnO3 with a vacancy at the 2c or 4h sites. These
barriers are slightly higher than those reported in a previous
study on Li migration in Li2MnO3,[39] and it is reasonable be-
cause the larger ion radius of Na may increase the difficulty of
movement of Na compared to Li because of obstruction due to
other atoms. In summary, the height of these barriers is differ-
ent depending on their individual local cation landscapes for
the different paths. Path IV exhibits the lowest energy barrier
of the four paths within the Na layer. This path is also the low-
est energy barrier path for Li migration within the Li-layer in
Li2MnO3.[39]

Next, we investigate how one Na+ ion diffuses between
the Na layer and the Mn layer by drawing the two main mi-

gration paths, in Fig. 4(a), corresponding to the 4h–2b (path
V) and the 2c–2b (path VI). In this case, the corresponding en-
ergy barriers from the Mn layer to the Na layer, are 1.40 and
1.33 eV for path V and path VI as shown in Fig. 4(b), respec-
tively. However, for the reverse paths from the Na layer to
the Mn layer, the energy barriers are much lower at values of
0.91 eV and 0.84 eV for path V and path VI, respectively. The
difference between the opposite direction barriers is due to the
remarkable difference in the formation energies of Na2MnO3

with a vacancy at the 4h and 2b (or 2c) sites. From these en-
ergy barrier values, it is possible to determine that Na+ ions
migration from the Na layer to the Mn layer along path VI has
the lowest barrier, which is a similar situation to Li migration
from the Li layer to the Mn layer in Li2MnO3. Moreover, the
potential migration of Na+ between two adjacent 2b sites in
the Mn layer was also considered. However, the results indi-
cate that this process is impossible because of the very high
energy barrier associated with the MnO6 octahedral.

Overall, these results imply that the lowest energy barrier
(0.82 eV) of the four kinds of Na+ migration in the Na layer is
associated with path IV from the 2c to 4h site, and the lowest
energy barrier (0.84 eV) of Na+ migrations between the Na
layer and the Mn layer is associated with path VI from the 2c
to 2b site. These results reveal that the Na+ ions at the 2c site
tend to migrate to adjacent 4h or 2b sites, which is consistent
with the previous results of Section 3.2, which indicates that
Na+ would be initially de-intercalation from the 2c site dur-
ing charging. Furthermore, the small difference of the energy
barriers of the paths 2c→4h, 4h→2c, 4h→4h, 2c→2b, and
4h→2b indicate that Na+ can easily backfill empty sites in the
Mn layer and Na layer during the discharging process. This
phenomenon could lead to an acceptable cycle performance
of the battery, which is promising for the prospective future
application.
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Mn layer (path V–VI, represented by green arrow); (b) diffusion barrier of Na+ migration in the Na layer (path I–IV, represented by
green line) and between Na layer and Mn layer (path V–VI, represented by blue line).

3.5. Elastic constant of NaxMnO3

The elastic constants of materials are closely related to
their mechanical properties. In order to investigate the stiff-
ness and stability of Na2MnO3 during the charging process,
both the elastic constants of Na2MnO3 and Li2MnO3 were
determined using first-principle calculations and the results
are shown in Fig. 5(a) and Table S1. From Fig. 5(a), it can
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Fig. 5. (color online) (a) Calculated elastic constants (GPa) of Li2MnO3
and Na2MnO3; (b) calculated elastic constants (GPa) of NaxMnO3.

be seen that the elastic constants of Na2MnO3 are basically
the same as Li2MnO3 for C44, C66, and only slightly lower
than Li2MnO3 for C11, C22, C33, and C55, which proves that
Na2MnO3 has a similar mechanical stiffness and structural sta-
bility to Li2MnO3.

Figure 5(b) shows the detailed elastic constants for
NaxMnO3 (x = 1.00, 1.25, 1.50, 1.75, and 2.00). From these
results, it can be determined that the elastic constants C11, C22,
C44, and C55 decrease slowly with x from 2.00 to 1.00, which is
an indication of the favorable stability of NaxMnO3. It should
be noted that small increases in the elastic constant are ob-
served for C33 and C66 from Na1.5MnO3 to Na1MnO3. How-
ever, the trend of the slow decrease remained.

In conclusion, the elastic constants of NaxMnO3 decrease
slowly during the process of Na+ de-intercalation, intimating
that the mechanical stiffness was well-maintained the depar-
ture of Na+ from NaxMnO3. Furthermore, it should be noted
that the lowest elastic constants of NaMnO3 in NaxMnO3 are
still high enough to maintain the structural stability.

4. Conclusions
In this paper, we have reported on a systematic first-

principle investigation on the electrochemical redox mecha-
nism of stoichiometric Na2MnO3. Through calculations of the
phonon spectrum and AIMD simulations, Na2MnO3 is proven
to be a dynamically stable structure. A comparison of the
band structure of Li2MnO3 and Na2MnO3 revealed that the
bandgap of the latter (1.55 eV) is smaller, which indicates that
it has a better conductivity than Li2MnO3 (1.87 eV). By in-
vestigating the Na+ de-intercalation process from Na2MnO3

to Na0.5MnO3, it was determined that Na+ de-intercalate oc-
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curred according to the order 2c, 2b, and 4h, respectively,
and a reversible capacity of 269.69 mA·h·g−1 was achieved.
Using PDOS and Bader atomic charge analysis, the O atom
near the vacancy of the de-intercalated Na is shown to be
responsible for the charge compensation during the charging
process, which is similar to the compensation mechanism for
Li2MnO3. The mechanism of Na+ diffusion in Na2MnO3 was
determined as that of the migration path with the lowest energy
barrier of Na2MnO3, which is similar to the case of Li migra-
tion in Li2MnO3. The lowest energy barrier (0.82 eV) of Na+

migration within the Na layer was along path IV from 2c to
4h site, and the lowest energy barrier (0.84 eV) of Na+ migra-
tion between the Na layer and the Mn layer was along path VI
from the 2c to 2b site. It was also determined that the small dif-
ferences of energy barriers of paths 2c→4h, 4h→2c, 4h→4h,
2c→2b, and 4h→2b indicate that Na+ can backfill empty sites
within the Mn layer and Na layer easily during the discharg-
ing process. Furthermore, the slow decrease of the elastic con-
stants indicates a favorable cycle stability. The desirable prop-
erties of high capacity, acceptable conductivity, rate capability,
and cycle performance demonstrated by in Na2MnO3 indicate
that it is a very promising cathode material for NIBs. These
results lay the foundation for a deeper understanding of the
mechanism of the SLOs cathode, which is important in the
design of high-performance electrode materials.
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