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Tunnel-type Na0.44MnO2 (tt-NMO) is a promising cathode for sodium ion battery having excellent structural

stability, diffusion kinetics, and low cost. However, this cathode is reported to suffer from low initial charge

capacity (e.g., #60 mA h g−1) due to the limited accessibility of sodium ion extraction (0.22–0.24 Na+ per

formula unit) from the structure, which hinders the practical viability of this material in a full battery cell. In

this study, we report a tailored tt-NMO structure, synthesized using a two-step facile and scalable process,

with >95% yield. Our tt-NMO demonstrated a 1st charge capacity of 110 mA h g−1, followed by a discharge

capacity of 115 mA h g−1 within the potential window of 4–1.7 V versus Na/Na+. The long-term cycling

performance at 0.5C rate and 1C rate (1C = 120 mA h g−1) shows excellent structural integrity for over

400 cycles with >75% capacity retention. We show experimentally and support it with DFT (density

functional theory) calculations that the unique microstructure of this tt-NMO, with modulated Na–O

bond length and Na–O–Na bond angle, results in open channels along the c-axis in the ab plane,

providing a wide pathway for ion diffusion. The Na+ migration barriers (Em) along the two pathways of

the c-tunnel are calculated to be within the threshold limit of Na+ migration energy barrier, which

renders more sites electrochemically active, enabling the high 1st charge capacity. This novel study

opens possibilities to use this unique tt-NMO as an efficient SIB (sodium ion battery) cathode by

harnessing the modified structure.
Introduction

Current research in sodium ion battery (SIB) technology focuses
heavily on developing cathode materials with high capacity and
long-term cycling stability. A few major types of SIB cathode
materials have been well studied in recent years, including
NaxMPO4F,1–5 NaxMP2O7 [M = V, Fe, Mn.],6–8 NaxVPO4FO2,9–11

Prussian white/blue analogues12 and NaxTMO2 [TM= transition
metal; Mn, Fe, Co, Ni.].13–15 Among them, P2-type NaxTMO2

materials (x # 0.8) have attracted signicant attention due to
their facile synthesis and structural stability. Even though some
of these P2-type compositions exhibit promising electro-
chemical performance, insufficient electronic conductivity, ion
deciency, and undesirable phase transitions limit their prac-
tical capacity, rate capability, and structural stability.16–19
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Among these NaxTMO2 cathodes, sodium manganese oxide
(Na0.44MnO2 or NMO) is a unique tunnel-type (tt) structure that
can sustain multiple phase changes during the Na electro-
chemical extraction/insertion process.20 The structure is built
up by double and triple linear chains of edge-sharing MnO6

octahedra and a single chain of corner-sharing MnO5 cubic
pyramids. For Na ions, there are three binding sites (Na1, Na2
and Na3) within the tt-NMO structure: one-dimensional small
tunnels, which are fully occupied by Na atoms (Na1), and two-
dimensional S-shaped large tunnels that are partially/half-
lled by Na ions (Na2 and Na3 sites).21,22 Na+ ions can revers-
ibly (de)intercalate only through the S-shaped tunnels, con-
forming to a theoretical specic discharge capacity of
121 mA h g−1 between 2.0 V and 4.0 V, while the sodium ions
situated in the one-dimensional tunnels are immobile. The
unique large tunnels in tt-NMO provide excellent structural
reversibility and hence exhibit robust cycle stability and rate
performance in both aqueous and nonaqueous
electrolytes.21,23–26

The initial structural arrangement of tt-NMO restricts the
amount of sodium extraction to ∼0.22 Na+, which limits the
initial charge capacity to 60 mA h g−1.20,22 Although, the
extraction of sodium ions occurs from the S-shaped tunnel,
where even aer the extraction of 0.22 Na+, the S-shaped tunnel
J. Mater. Chem. A, 2024, 12, 25109–25116 | 25109
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is not completely empty but rather partially occupied by Na+,
which is theoretically proved by Kim et al.27 Nevertheless, as per
previous reports, the initial charge capacity of tt-NMO is re-
ported by many to be#60 mA h g−1.24,28–31 The initial capacity is
a critical parameter in a full cell and dictates the energy density
of practical batteries. Even if the 1st discharge is demonstrated
to be high, the demonstration of this capacity in full cell will be
profoundly hampered if the 1st charge is low. Increasing the Na
content in the cathode is one approach to achieve higher 1st
charge capacity, but when the Na content is beyond 0.44, the
tunnel-type structure simply transforms to a layered structure.
To enhance the sodium diffusion process, shortening the
diffusion path by reducing the length-diameter ratio or down-
sizing the particle size are ways that have been reported so
far.24,30 Numerous synthesis processes including hydrothermal
method, solid-state method, sol-gel method, glycine nitrate
process, and molten-salt method have been proposed to
improve the reversible capacity of tt-NMO, but the initial charge
capacity is either not mentioned or suffers from a poor value
(<60 mA h g−1).21,25,32,33

TM substitution in NMO has also been reported to increase
the 1st charge capacity but is still not a satisfying value. For
example, Wang et al. have shown that the partial substitution of
Mn by Ti in tt-NMO increases the rst charge capacity from
45 mA h g−1 to 60 mA h g−1. The authors hypothesized that the
modied Mn/Ti arrangement breaks the Na+-vacancy ordering,
which increases the charge capacity.34,35 All these previous
reports have established a positive improvement in their elec-
trochemical performances though the initial charge capacity
does not improve enough. Hence, enhancing the initial charge
capacity of tt-NMO beyond 60 mA h g−1 is an important
requirement that needs to be fullled to increase its practical
utility.

Some attempts for chemical sodiation of tt-NMO prior to cell
charge were reported and showed some success in increasing
the cathode capacity.36 This approach is good to demonstrate
that the bottleneck can be overcome through synthesis, yet it is
not practical and difficult to upscale.

Herein, we report a two-step solid-state method to synthesize
tt-NMO, which exhibits a distorted, tt Pbam structure and an
outstanding initial charge capacity of 110 mA h g−1. In order to
understand the uniqueness of our tt-NMO, we employed density
functional theory (DFT) based calculations to estimate the Na+

migration barrier (Em) and quantify the Na-ion mobility within
the NMO framework. Specically, we evaluated the ease of Na
migration within the DFT-calculated ground state conguration
of the Na0.22MnO2 composition. Note that the Na0.22MnO2

composition is obtained aer the electrochemical extraction of
0.22 Na from tt-NMO. Signicantly, we found that both the c-
tunnel hops have migration barrier, Em < 525 meV (i.e., ∼460
and 330 meV), emphasizing that both hops should remain
electrochemically active at room temperature, and the feasi-
bility of extraction of Na along the two one-dimensional
tunnels. Thus, we expect a partial desodiation from
Na0.22MnO2 to be quite facile along the c-tunnels, which should
facilitate enhanced Na extraction during rst charge, corre-
sponding to a higher charge capacity without impeding the
25110 | J. Mater. Chem. A, 2024, 12, 25109–25116
structural stability. As per the best of our knowledge, this is the
rst report on the structural modulation of tt-NMO, which
could break the bottleneck of the practical viability of this
tunnel-type structure.

Subsequently, we demonstrate a discharge capacity of
115 mA h g−1 at 0.06C rate (1C = 120 mA h g−1) within the
potential window of 4–1.7 V vs. Na/Na+. The long cycling
performance at 0.5C rate and 1C rate shows excellent stability
(90% and 80% capacity retention, respectively) until 200 cycles.
The efficient rate capability further conrms the structural
stability upon cycling at different current rates ranging from
0.06C to 3C and reverting to 0.2C.

We believe that our ndings open an opportunity to utilize tt-
NMO cathodes with practical 1st charge capacity and long-term
stability.

Results and discussion

The rened X-ray diffraction (XRD) pattern, shown in Fig. 1a, is
consistent with the structure of tt-NMO, without any secondary
phases.25 The detailed microstructural analysis (see Tables S1–
S3 of the ESI†) indicates that lattice distortion occurred as
compared to the Pbam space group (JCPDS 27-0750), which
accounts for the increase in the Na–O–Na bond angle and the
signicant decrease of the Na–O bond distance, resulting in
open channels along the c-axis in the ab plane, as shown in
Fig. 1d and e.

The scanning electron microscopy (SEM) image (Fig. 1b) of
tt-NMO shows that our synthesized cathode exhibits a rod shape
structure. The high magnication (HRSEM; inset Fig. 1b) image
shows that the rod shape is formed by several nanoplates
bundled together. The well-organized layered surface
morphology is clearly visible. The energy dispersive spectra
(EDS) and elemental mapping (Fig. S2†) conrm the presence of
Na, Mn and O atoms, without any other impurity elements.
Fig. 1c shows the high-resolution transmission electron
microscopy (HRTEM) image of tt-NMO, with the inset display-
ing the selected area electron diffraction (SAED). The marked
lines in the fringe pattern specify the existence of thin nano-
plates at different layers, making the three-dimensional
tunnels. The lattice fringes correspond to the [200] planes of
the crystal structure,25,30 while the SAED pattern clearly indi-
cates the single-phase crystalline feature of tt-NMO, similar to
previous reports.30 We did not notice any detectable impurity
phase from the structural analysis. Inductively-coupled plasma
atomic emission spectroscopy (ICP-AES) studies further
conrmed that the ratio of sodium and manganese of our
synthesized material is within 0.442–0.451, which agrees with
the expected value.

The high-resolution X-ray photoelectron spectra (XPS) of Mn
2p, as shown in Fig. 2a, displays two major peaks at 642.2 eV
and 653.7 eV corresponding to the binding energies of Mn 2p3/2
and Mn 2p1/2 spin orbital doublet, respectively, with a splitting
energy of 11.49 eV. The deconvolution of individual peaks
shows the coexistence of Mn3+ and Mn4+ oxidation state located
at 642 eV and 643.3 eV for Mn 2p3/2 and 653.6 eV and 655 eV for
Mn 2p1/2 in that order.26,37 The deconvoluted O 1s spectra
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) XRD pattern of tt-NMO, (b) lowmagnification SEM; inset: highmagnification HRSEM, and (c) HRTEM images of tt-NMO; inset shows the
SAED pattern. (d) Structure of the standard Pbam space group, magnified part of the circulated region shows the Na4–O9–Na2 bond angle. (e)
Structure of synthesized tt-NMO; themagnified part of the circulated zone clearly indicates the increasing Na4–O9–Na2 bond angle, which leads
to a decrease in the bond length and opens the channel.

Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 3
/1

0/
20

26
 6

:5
8:

36
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
(Fig. 2b) exhibits the presence of lattice oxygen centered at
529.9 eV. The O 1s peaks located at 531.4 eV correspond to the
surface adsorbed oxygen and oxygen vacancies in the metal
oxide, while the peak at 533.3 eV indicates the surface –OH
group.37,38 The splitting of the Na 1s spectra gives two peaks
positioned at 1071.1 eV and 1071.9 eV, suggesting two Na
environments/sites on the surface of the tt-NMO. The peak at
the lower binding energy is assigned as the edge shared Na site
(Na2 and Na3), whereas the higher binding energy peak
signies the face-sharing Na site (Na1).26,39

The initial galvanostatic charge–discharge prole of tt-NMO
at 0.06C rate (1C = 120 mA h g−1) within a potential window of
Fig. 2 XPS spectra of (a) Mn 2p, (b) O 1s, and (c) Na 1s of tt-NMO.

This journal is © The Royal Society of Chemistry 2024
4.0–1.7 V (vs. Na/Na+) is displayed in Fig. 3a. The pristine
material delivers 110 mA h g−1 initial charge capacity and
115 mA h g−1 discharge capacity in our electrolyte. The rst
charge capacity is higher than the previously reported values in
the literature (Table S5†), which is attributable to the amount of
Na extracted from the pristine structure during the rst des-
odiation process. As per the theoretical capacity of this material
(120 mA h g−1), the rst charging capacity typically does not
cross the limit of 60–70 mA h g−1, corresponding to an extrac-
tion of 0.22–0.26 equivalent of Na+ (per formula unit of MnO2)
out of the available 0.44 Na.22,30,40 In contrast to the perceived
limit of 60–70 mA h g−1, our tt-NMO cathode demonstrates
J. Mater. Chem. A, 2024, 12, 25109–25116 | 25111

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta03034f


Fig. 3 (a) 1st and 5th charge–discharge profile of tt-NMO at 0.06C rate. (b) dQ$dV−1 plot for initial five cycles at 0.06C rate. (c) Mn 2p XPS spectra
of the pristine, charged and discharged state.

Fig. 4 In situ evolution of XRD pattern recorded at a 12mA g−1 current
rate for the 1st cycle and a 24 mA g−1 current rate for the 2nd cycle.
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a signicantly higher capacity owing to the unique structural
modulation, as shown in Fig. 1e and supported by DFT study.

The derivative of the 1st cycle voltage prole (Fig. 3b) shows
sharp anodic peaks centered at 3.0, 3.23 and 3.41 V, and three
small peaks at 3.1, 3.28 and 3.46 V versus Na/Na+ are associated
with consecutive pair of cathodic peaks. The peaks in the
dQ$dV−1 curve are related to the reversible (de)intercalation of
sodium ions at a specic voltage range. The sequential ordering
of sodium extraction/insertion from the respective crystallite
site is depicted in Fig. S4†where Na1 and Na2 signies the edge-
sharing Na site and Na3 is the face-sharing Na site.41 Reversible
six distinct redox peaks are sustained in the following cycles, as
presented in Fig. 3b, and consistent with the short voltage
plateaus in the voltage curve of Fig. 3a. The rst cycle redox
peaks are exactly overlapping with those of the following cycles,
indicating that the material does not need an activation cycle.31

The typical CV curve at different scanning rates shows
(Fig. S5a†) six pairs of reversible redox peaks similar to the
dQ$dV−1 plot in Fig. 3b. With increasing current rate, both
oxidation and reduction peak current intensity increase. The
variation of peak current (Ip) with respect to square root of scan
rate (v1/2) shows good linear relation (Fig. S5b†), which suggests
the diffusion-controlled behavior of the sodiation/desodiation
process.41

The Mn 2p XPS spectra of the pristine, 1st charged, and 1st
cycled electrode of tt-NMO is depicted in Fig. 3c. The extraction
of sodium leads to the oxidation of Mn(III) to Mn(IV) upon
charging to 4 V versus Na/Na+, which is distinctly observed from
the decreasing of Mn(III)/Mn(IV) peak ratio in the deconvoluted
XPS spectra compared to the pristine electrode. Aer the initial
charge, we obtain a Mn(IV)/Mn(III) ratio of ∼0.8, as calculated
from the relative deconvoluted peak areas. The following
discharge of the electrode (1.7 V) shows a reversible change in
the Mn oxidation state, as indicated by the increasing Mn(III)/
Mn(IV) peak ratio. During the discharge process aer initial
charging, the Mn(IV)/Mn(III) reduction occurs at specic Mn
sites (i.e., Mn(II) site along the ‘b’ and Mn(III) site along the ‘a’
axis) suggests an asymmetric lattice evolution in the structure.
The reduction of Mn(IV) to Mn(III) at specic Mn sites results in
a Jahn–Teller distortion of the reduced sites, ensuing different
orientations of distorted MnO6 octahedra in the structure.27,42

As reported in the previous work, when the initial adjustment of
25112 | J. Mater. Chem. A, 2024, 12, 25109–25116
the Mn(IV)/Mn(III) ratio is near ∼1, it can suppress the Jahn–
Teller effect and cause the disproportionation of Mn3+,
enhancing the structural stability.29

We further investigated the initial charge/discharge process
through in situ XRD. The XRD pattern recorded during the rst
charge/discharge process is displayed in Fig. 4. The diffraction
pattern within the 2q region from 15° to 45° shows that most of
the peaks are consistent with the electrochemical (de)interca-
lation process and does not lead to any new phases. A closer
view in the range of 32° to 38° (bottom panels in Fig. 4) reveals
the shiing of the pattern to a higher angle during charging,
which signies lattice contraction due to the extraction of Na.
Interestingly, the plane (0 10 0) perpendicular to b axis shows
profound shiing in the angles, which might be due to the
sodium extraction process along the b axis.25 During the inser-
tion of Na, the shiing of peak towards lower angles suggest the
expansion of lattice planes as well as the insertion of Na along
the a and c-axis of the structure, which leads to asymmetrical
lattice evolution.27 A similar kind of diffraction peak adjustment
is observed in the charge/discharge process of the second cycle.

The initial sodium extraction process is further analyzed
through the Na-ion mobility inside the structure and for this
purpose, we electrochemically extracted 0.22 moles of Na from
This journal is © The Royal Society of Chemistry 2024
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our tt-NMO composition by restricting the charge capacity to
60 mA h g−1. Subsequently, we analyzed the structure of the
material (Na0.22MnO2) based on experimental XRD renement
(Fig. S3†). To understand the Na-mobility and ease of extra-Na-
extraction within the NMO framework, we calculated the Na+ Em
via DFT-NEB to quantify the Na-ion mobility at the Na0.22MnO2

composition. We generated the ground state Na-vacancy
conguration at Na0.22MnO2 using DFT, where we used the
experimental XRD-rened structure of tt-NMO as our
template.43,44

Within the Na0.22MnO2 structure, we considered three
migration paths, i.e., two along the ‘tunnels’ that are parallel to
the c-axis, indicated as ‘hop 1’ and ‘hop 2’ in panels a and b of
Fig. S4,† and one path that connects the two tunnels via
a ‘diagonal’ path, highlighted as ‘hop 3’ in Fig. S4c.†

Structural information of Na0.22MnO2

The DFT-identied ground state structure of Na0.22MnO2

(Fig. 5a) consists of the square pyramidal MnO5 (brown poly-
hedra) and octahedral MnO6 polyhedra (purple) that are present
in tt-NMO as well (Fig. S3a†). Mn exhibits the oxidation states of
+3 and +4 within the MnO5 and MnO6 polyhedra, respectively
(see Table S1 and Fig. S3 of the ESI†). Note that DFT estimates
the a, b, and c lattice parameters to be 8.96, 25.33, and 2.85 Å,
respectively, which agrees well with our experimentally deter-
mined parameters of 9.08, 26.31, and 2.82 Å (<3.7% error).
Among the lattice angles, DFT estimates do not vary signi-
cantly from the experimental values, i.e., 90°. The Na atoms
(yellow spheres) in a given Na0.22MnO2 unit cell occupy distinct
ac planes; thus, Na atoms continue to occupy tunnels along the
c-axis similar to tt-NMO. However, the reduced occupancy of Na
in Na0.22MnO2 gives rise to a fully empty c-tunnel in the unit cell
(black outlined circle in Fig. 5a), as compared to tt-NMO. The
fully empty Na tunnel gives rise to a possible ‘diagonal’ Na
migration, apart from the ‘straight’migrations that can happen
Fig. 5 (a) DFT-calculated ground state configuration of Na0.22MnO2. Bro
atoms occupying the polyhedral vertices. Yellow spheres indicate Na atom
the case of tt-NMO (see Fig. S3a†). (b) DFT-NEB calculated MEPs of Na+ m
2, and 3, respectively. Barrier values for each hop is given by the text ann
where the intermediate images have a lower energy than the endpoint c

This journal is © The Royal Society of Chemistry 2024
along the c-tunnels similar to the tt-NMO structure. We refer to
the diagonal migration pathway as ‘hop 3’, while the straight
tunnel migrations are referred to as hops 1 and 2 (Fig. S4†).

Migration barriers

For Na extraction to be facile in Na0.22MnO2, at least one of the
three identiedmigration pathways (i.e., hops 1, 2, and 3) has to
be active under typical electrochemical conditions. Note that
previous studies have shown that Em magnitudes up to ∼525
meV can be tolerated for reasonable electrochemical perfor-
mance in micron-sized cathode particles at 298 K.45 Thus, hops
for which the calculated Em is less than 525 meV should remain
active at typical electrochemical conditions. Fig. 5b displays the
DFT-NEB calculated Em for the three different hops considered,
with the nal elastic bands displayed in Fig. S4 of the ESI.† Blue,
red, and orange symbols signify hops 1, 2, and 3, respectively,
with the barrier magnitudes indicated as text annotations in
Fig. 5b.

Importantly, we nd that both hops 1 and 2, i.e., both the c-
tunnel hops, have Em < 525 meV, namely, ∼460 and 330 meV,
highlighting that both hops should remain electrochemically
active, and it should be feasible to extract Na along these two
tunnels. In the case of hop 3, we nd intermediate images that
are lower in energy compared to the endpoint congurations,
which can indicate the occupation of Na in such interstitial sites
under electrochemical conditions. Nevertheless, the effective
Em for Na migration across hop 3 includes the negative energies
of the intermediate images as well, resulting in a magnitude of
∼700 meV. Thus, the higher Em of 700 meV for hop 3 compared
to the threshold 525 meV indicates that Na extraction will be
difficult across this pathway. Thus, we expect the partial des-
odiation from Na0.22MnO2 to be quite facile, along the c-
tunnels, in line with our experimental observations.

The galvanostatic cycling stability of the material at different
rates is displayed in Fig. 6a. We observe that 90% of the initial
wn and purple polyhedra indicate MnO5 and MnO6 groups with oxygen
s. Black outlined circle indicates a vacant Na site, which is occupied in
igration in Na0.22MnO2. Blue, red, and orange symbols indicate hops 1,
otations of the same color. For hop 3, 700 meV is the effective barrier,
onfigurations.

J. Mater. Chem. A, 2024, 12, 25109–25116 | 25113
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Fig. 6 (a) Galvanostatic cycling stability at 0.5C and 1C rate. (b) Rate
performance at various current rates. (c) Cycling behavior at 0.2C after
the rate study. (d) Capacity–voltage profile at different C-rates.
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discharge capacity at 0.5C rate (100 mA h g−1) is retained aer
200 cycles and 80% of initial capacity is retained at 1C up to 200
cycles. Further cycling at 0.5C rate (Fig. S6a†) shows 75% of
capacity retention up to 400 cycles, which implies the robust
structural stability of our synthesized cathode material with the
reversible Na (de)intercalation process over long-term cycling.

The distinct plateaus that are well preserved in the capacity–
voltage curve even aer 400 cycles (Fig. S6b†) conrm the stable
reversible redox reaction within the cathode. The HRSEM image
of the post-cycled cathode (Fig. S7†) shows that the rod-shape
morphology is preserved even aer 400 cycles, except for a few
cracks. A closer view of the surface indicates that the surface
morphology is maintained well, with the marginal degradation
of the surface.

The diffraction pattern recorded aer 400 cycles illustrates
a pattern similar to a pristine electrode (Fig. S8†). Unless
a feeble decrease in the intensity (due to the formation of SEI
layer) and slight shiing of peaks to a lower angle (reversible
extraction/insertion of Na-ion increase the interplanar spacing),
respectively, no extra peaks are detected from the post-cycled
cathode electrode, which indicates the stability of the phase
structure as well.

We evaluated the rate capability of the tt-NMO at different C
rates, as presented in Fig. 6b. It is observed that with the step-
wise increase in the current rate from 0.06C to 3C and reverting
to 0.1C, 97.2% of the initial discharge capacity is retained.
Following the rate study, we cycled the same cell for a further
300 cycles at 0.2C, resulting in an 80% capacity retention
against the initial value (Fig. 6c). Moreover, the capacity–voltage
prole at different C rates (Fig. 6d) distinctly shows the charge/
discharge voltage platform even at a high current rate. Despite
a decrease in the capacity with a higher C rate, which always
affects the internal stability of the cell and lowers the capacity,46

the well-maintained voltage plateaus imply the efficient rate
capability of the tt-NMO cathode. Therefore, our tt-NMO
exhibits profound structural integrity despite delivering
25114 | J. Mater. Chem. A, 2024, 12, 25109–25116
higher specic capacity. The major limitation of tt-NMO is the
inferior rst charge capacity, which is addressed in this work,
and our synthesized tt-NMO can deliver 110 mA h g−1 initial
charge capacity, which is a remarkable step towards the prac-
tical application of this material. Nevertheless, there are few
important issues that need to be accounted for before moving to
large-scale application, such as (1) surface protection from
direct environmental humidity (to enable the high volume of
slurry for electrode printing), (2) preventing the side reaction
between the electrode–electrolyte interface, especially when
Mn4+ might form during charge, (3) conning the Mn dissolu-
tion from the structure to avoid internal lattice collapse. In
addition, the high cut-off voltage of tt-NMO is limited to below
4.0 V (versus Na/Na+), which restrained the actual capacity and
charging to beyond 4.0 V and caused rapid capacity fading.47

There are several approaches proposed in reported literature for
addressing these challenges. Especially, ion doping and surface
modication are two key methods to improve the cycling
stability of tt-NMO.34,41,48–50 As per previous studies, the surface
modication of cathode materials is the most effective way to
address this concern in addition to suppressing the side reac-
tion between the electrode and electrolyte and to raise the high
cut-off voltage.29,37,47,50 Hence, surface coating technology could
be a prospective approach that could be considered in future for
this tt-NMO to improve the functionality.

Conclusions

Herein, we have synthesized tt-NMO through a scalable solid-
state route, which projects an initial charge capacity of
110 mA h g−1 with a discharge capacity of 115 mA h g−1. 90% of
capacity retention up to 200 cycles at 0.5C rate pronounced
structural stability upon long charge–discharge cycle. The
microstructure analysis of our synthesized tt-NMO presents the
modied lattice structure having shorter Na–O bond length
compared to conventional Pbam structure created an open
channel along the c-axis in the structure. The excess diffusion of
sodium ions is analyzed from the migration barrier of Na+ (Em)
within the DFT-calculated ground state conguration of
Na0.22MnO2, a composition that is obtained aer the electro-
chemical extraction of 0.22 Na from tt-NMO by restricting the
charge capacity of 60 mA h g−1. We observed that two of the c-
tunnel hops have lower Em (∼460 and 330 meV), which remain
electrochemically active to allow partial Na extraction from
Na0.22MnO2, while the third diagonal pathway is not electro-
chemically active (Em ∼700 meV). Hence, the extraction of Na
ions is quite possible, which enables to achieve the observed
high initial charge capacity without losing the structural
stability. According to the above discussions, tt-NMO material
could be a promising SIB cathode, and this study creates a new
opportunity to design the cathode material through engi-
neering structural chemistry.

Data availability

The data that support the ndings of this study are available
from the corresponding author upon reasonable request.
This journal is © The Royal Society of Chemistry 2024
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